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ABSTRACT

SIMULATION AND HARDWARE VALIDATION OF METHODS FOR SYNCHRONIZATION
OF CENTRAL-CONVERTER MULTI-MOTOR ELECTRIC ACTUATION SYSTEMS

Replacement of previously hydraulic and pneumatic drives with power-electronic drive systems
to reduce weight and maintenance requirements is a current target of research in the aerospace in-
dustry. This includes electrification of thrust reverser actuation systems (TRAS), which redirect
thrust produced by the aircraft’s engines to aid with deceleration upon landing, reducing wear
on the brakes. However, one challenge of developing an electromagnetic TRAS (EM-TRAS) is
the requirement of speed and position synchronization of all motors in the system, despite unequal
torque loading from differing wind forces. Use of a single (“‘central”) power electronic converter to
power a set of induction machines in parallel could potentially lower cost and weight requirements
compared to the use of separate converters, but such a central-converter, multi-motor (CCMM)
architecture requires some form of compensation for load torque differences. Previous research
presented a synchronization methodology using closed-loop feedback control of variable stator
resistances in parallel with each induction machine. This thesis builds on this research by present-
ing an alternative methodology that instead applies closed-loop feedback control to smaller-scale
auxiliary converters for each motor line, coupled to the induction machines using transformers to
apply adjustments to the stator voltage. This new methodology achieves similar synchronization
performance with better energy efficiency, lowering power requirements for its use compared to
the external resistance methodology. The author’s contributions to construction of a testbed for
aerospace actuation system research are also presented in this thesis, with applications including

hardware validation of the external resistance CCMM EM-TRAS implementation.
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Chapter 1

Introduction

The aerospace industry is a constant target for innovation, with researchers always seeking im-
provements to the efficiency, performance, and safety of aircraft. This includes the development of
More Electric Aircraft (MEA): by replacing non-propulsive mechanical (e.g., hydraulic and pneu-
matic) systems with electrical systems, benefits can be obtained such as reduced weight and cost,
improved performance, and more comprehensive diagnostics. One system in particular targeted
for electrification is the thrust reverser actuation system (TRAS), which diverts the engine’s thrust
to reverse the force applied on the aircraft, reducing the time and length of runway required to slow
down after landing and wear on the brakes. As illustrated in Figure 1.1, the exhaust is redirected

by the TRAS to leave the nacelle in a forward direction, producing a backward thrust force.

Pivoting door /— Actuator arm

o /e

------- <«—— Airflow

Nacelle

Figure 1.1: Basic diagram of a TRAS, showing normal (blue, dotted) and reversed (red, solid) airflow
within the nacelle and thrust forces produced.

Operation of an electromechanical thrust reverser actuation system (EM-TRAS) requires elec-
tric drives and motors for supplying the force/torque necessary for deploying and stowing the thrust
reversers. Different portions of the system would experience different external forces in operation,
so the conceptually simplest method for keeping the speed and position of all motors in the system
synchronized is to use a separate converter and drive for each motor, allowing for full individual
control in an architecture known as distributed converter multi-motor (DCMM). This thesis builds

on research exploring an alternative architecture, central converter multi-motor (CCMM), where a



single central converter is used to power all of the motors and the drive conditions the power input
to each motor to achieve synchronization. A diagram of a CCMM EM-TRAS is shown in Figure
1.2. Use of CCMM architecture could reduce the size, weight, and cost of the EM-TRAS, making

it an attractive option. [1]

labes,1 T

1 > Wrm,1 ™
; > M; k1
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b1 m,

labes,2 xro

Wrm,2 |_>
ko
b2 1y

Figure 1.2: Notional depiction of CCMM architecture for EM-TRAS.

The implementation presented in [1] uses external stator resistance controlled by PWM switch-
ing to achieve speed and position synchronization. Disadvantages of this method include that
rapidly switching the external resistance on and off produces large transient voltages that can dam-
age equipment if not mitigated and a significant portion of power provided by the central converter
must be dissipated in the external resistance to achieve synchronization (see Chapter 4). Better ef-
ficiency and performance could potentially be achieved through the use of external impedance in-
cluding an inductive or capacitive component in addition to resistance. However, existing methods
for electronic variable impedance control investigated by this researcher appear to be few in num-
ber, with some publicly documented only in patents that describe the method in terms too vague for
replication, and one method requiring a separate voltage converter controlled using inline current
readings [2], introducing complexity that may negate the advantages of CCMM architecture.

In the first part of this thesis, a novel CCMM implementation using low-power auxiliary con-
verters for speed and position synchronization is presented. Chapter 2 explains the methodology

for this implementation, including the principle of operation, the expected transient and steady-



state behavior, and a system diagram of a potential implementation. Chapter 3 presents results of
simulations investigating this implementation using MATLAB and compares its performance and
efficiency to that of the implementation presented in [1].

Chapter 4 constitutes the second part of this thesis, which details the author’s contribution to a
testbed designed for hardware emulation of various aerospace systems. The primary initial purpose
of this testbed is hardware validation of the resistor-based CCMM EM-TRAS implementation
presented in [1]. Design and construction of this testbed is explained in more detail in [3].

Plans and potential for future work building on the research presented in this thesis are detailed
in Chapter 5. This includes nonlinear optimization of the novel CCMM implementation using a
more detailed CCMM model and hardware validation of the implementation using the testbed.
Finally, key findings and the author’s specific contributions to the research presented here are

summarized in Chapter 6.



Chapter 2

Background

This chapter begins with an overview of induction machines (IMs) along with the external
stator resistance method for speed and position synchronization, referenced from [1]. Then, the
novel auxiliary converter method is presented along with a full diagram of the circuitry required

for implementation.

2.1 Induction Machines

An induction machine (IM) can be operated as a motor or a generator, though this thesis pri-
marily focuses on motor operation. An IM contains stationary stator windings that magnetically
couple with rotor windings inside the rotor when alternating current is applied, causing rotation.
Roller bearings mounted on the shaft allow it to rotate freely while keeping a fixed gap distance
between the stator and rotor. In this thesis, it is assumed for simplicity that the windings are sinu-
soidally distributed, the machine parameters are electrically symmetric, and the rotor windings are
short-circuited at their ends (a “squirrel-cage” rotor).

The “electrical” angular velocity w, is related to the (actual) mechanical angular velocity as
wy = (£/2)wy, where P is the number of magnetic poles. The electrical angular position 6, at time

t is defined as
t
0,.(t) = / wy(7)dT + 6,.(0), 2.1
0

where 6,.(0) is the initial electrical angular position. Voltage equations for the IM are expressed as

follows:

Vabes = rsiabcs + pAabcs
2.2)

Vaber = Trlgper + pAabcra



where Vapes(r)s labes(r)» and Agpes(r) rEpresent the stator (motor) voltage, current, and flux linkages,

respectively, while r and r, are the stator and rotor resistance matrices

re 0 O r. 0 0
r«=10 r, 0, H»=1(0 7. 0], (2 3)
0 0 nr, 0O 0 r,

where 7 and 7, are the resistances of each stator and rotor winding, assumed to be equal for each
phase (but generally r, # r,.).

The flux linkages in (2.2) can be expressed as

Aabcs = leabcs + Lsrlabcr

2.4)
Aabcr = Lriabcr + L;rriabcsa
where the self-inductance matrices L, L, are
Lls + Lms _%Lms _%Lms
— 1 1
LS - _§Lms Lls + Lms _§Lms ’
_%Lms _%Lms Lls + Lms
- Z (2.5)
Llr + Lmr _%Lmr _%Lmr
— 1 1
LT - _§Lmr Llr + Lmr _§Lmr
1 1
i _§Lmr _§Lmr Llr + Lmr_

where L;; and L;, are the stator and rotor leakage inductances, and L,,,; and L,,, are the stator and

rotor magnetizing inductances. The mutual inductance matrix is

cos b, cos(f, + %) cos(6, — &)
Lo = Ly |cos(0, — 2F) cos 0, cos(0, + &) | (2.6)
cos(0, + &) cos(0, — 3F) cos 0,



where L, is the maximum mutual inductance between stator and rotor windings. To eliminate the
angular dependence in the machine equations arising from (2.6), transformation of the equations to
a rotating reference frame is employed. Transformation of the stationary variables to gd0 variables

in the arbitrary rotating reference frame is achieved by the transformation
fqus = stabcsa (27)

where f is any transformed quantity and the matrix K is defined as

cosf cos(0 — ) cos(f + &)

2
KS(Q):g sinf sin(d — %) sin(0+ %) |, (2.8)

1/ 1/ 1/5
with the arbitrary reference frame position angle ¢ defined from the reference frame speed w as
t
0(t) = / w(7)dr + 6(0). (2.9)
0

Transformation of the rotor variables to ¢d0 variables in the arbitrary rotating reference frame is
achieved by the transformation

fqur = Krfabcra (210)

where the matrix K, is defined as
K. () = K0 —90,). (2.11)

For ease of notation, variables are referred based on the turns ratio between stator and rotor wind-

ings. The voltage, flux linkages, currents, and electrical parameters of the rotor are referred to the



stator side as

v AN = —NS)\ i, = —Nri
qdr> - qdr> qdr — N qdr>
S

N2 N\ 2
T; = (F) Tr, LET = <F) Llrv

where N, and NN, are the equivalent turns of the stator and rotor windings, respectively. After

(2.12)

transformation of (2.2)—(2.4) to the arbitrary rotating reference frame using (2.7)—(2.11) and the

referral of variables from (2.12) , the voltage equations in ¢d variables are expressed as

Vgs = rsiqs + W)\ds + p>‘qs

Vs = rsids - W/\qs + p>\ds

(2.13)
Ugr = 7";2.:” + (w - wT) :ir +p>\;r
Vdr = 7”7/“2'217‘ - (w - ("')7“))\;7’ +p)\2lr7
and flux linkages in qd variables are expressed as
)\qs = Llsiqs + LM (iqs + Z;r)
)\ds = Llsids + LM<idS + Zilr)
(2.14)

/\(17" = L;TZ;T‘ + LM<iqS + Z/qr)

)‘dT = L;rlélr + LM(Z'QS + i;T)’

where Ly, = (3/2) L,,s. Note that in (2.13-2.14) and the remainder of this thesis, a balanced oper-
ation is assumed, i.e., 0s(r) variables are neglected. By inspection of (2.13-2.14) , the differential
equations for the gd variables for the stator and rotor circuits can be represented by the equivalent
circuits shown in Figure 2.1.

The electromagnetic torque produced by the induction machine can be expressed in gd variables

[4] as
T 3P Ly

e =gy Uadar —iay) 2.15)
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Figure 2.1: Induction machine equivalent ¢d0 circuits.

where L), = Ly, + L, is the rotor self-inductance. This leads to the mechanical motion equation
T — T1, = Jpwrm + Bnwrm, (2.16)

where 77, is the mechanical load torque (defined in the opposite direction of 7.), J is the rotor’s
moment of inertia, and B3,, is a loss coefficient representing windage and friction.

See [1] for background on the control strategies of compensated volts-per-hertz and indirect
field-oriented control, which are used here for completeness of the comparison between the syn-

chronization methodologies but not studied in detail.

2.2 External Stator Resistance Methodology

Induction machines are designed to operate under rated load at a speed slightly below the
“synchronous” speed w, = w,. From (2.16), steady-state equilibrium of the motor is achieved
when the difference between 7. and 77, is equal to the torque resulting from windage and friction
and the derivative of 7, with respect to speed is negative [4]. To simplify explanation, this windage
and friction term is often neglected, making the equilibrium point 7, = T7.

As explained in [1], adding an external stator resistance to an IM decreases the slope of the

equivalent 7}, vs. speed curve near synchronous speed. Changing the shape of the curve in this way



moves the equilibrium point to a lower speed, as illustrated in Figure 2.2 for a 15hp (11.19kW)

induction machine (parameters listed in Appendix A).

150 - — . =09
— 1. =0.13Q
re =0.27Q

— 100 — 1. =0.400

=
Z

=

!
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Wy we

Figure 2.2: Torque vs. speed plot for selected external stator resistance values.

Note that the peak of the torque vs. speed curve moves to a higher speed as the external re-

sistance is increased. The circuit used to implement this external stator resistance in [1] and this

thesis is a power-electronic circuit with a bi-directional MOSFET arrangement shown in Figure

2.3.
r
NN\
T'sn Csn T'sn Csn
| | |
lzs Txs
> 4 AYAYAY,
t PWM T

Figure 2.3: Circuit for achieving a desired average external stator resistance.

In Figure 2.3, r, and Cj are the snubber resistance and capacitance across the back-to-back

MOSFETs, i, and r,s are the current and (nominal) resistance of stator phase x, and r is the

‘base’ external resistance. The MOSFETSs receive the same PWM (fully on or fully off) signal;



the bi-directional arrangement allows current to flow in the stator in both directions. Neglecting
snubber impedance, the circuit places either base resistance r or 0 ) in series with the nominal
stator resistance. By modulation of the PWM duty cycle, a desired external resistance can be

achieved in a fast-average sense, where the fast-average of a signal f () is defined as

1 [T

ft) == i f(t)dt, (2.17)

where the bar over f(¢) denotes fast-average, and 7y = 1/f, is the time period of the PWM
switching cycle with frequency f.

The control strategy used in [1] and this thesis is a proportional-integral (PI) feedback control
that updates the duty cycles of the external variable resistance circuits using the angular position
differences of the IMs as inputs. In this control strategy, the motor that is experiencing the highest
load torque (and therefore runs at the slowest speed without synchronization) is designated as
the “primary” and used for the central converter’s feedback control, while all other motors are
designated as “secondary”. This designation can be changed during operation to respond to varying
load torques. In this thesis, values relating to the primary motor are denoted with a subscript p,
while values relating to one of the secondary motors are denoted with a subscript s;.

The difference in angular position between a secondary motor and the primary motor is denoted

58rm,si (t) = erm,si (t) - erm,p(t>7 (218)

where

t
O s () = / Wrm sy (7) AT+ Opn s, (0),
0 (2.19)

t
Ormp(t) = / Wy p(T) AT + 0,1, (0).
0

The duty cycle for the external resistance for the primary motor, D, ,, is held at the value it had

when the motor was designated as primary (typically zero), while the duty cycles for the external

10



resistances for the secondary motors, D, ,, are updated by PI feedback as
De,si = KP,si(Serm,si + Kl,si /59rm,si dt7 (2.20)

where Kp g, is the proportional gain and K 4, is the integral gain of the PI controller for motor s;.

2.3 Auxiliary Converter Methodology

The synchronization method introduced in this thesis instead changes the shape of the 7 vs.
speed curve by adjusting the voltage applied across the IM. The effect of this on the equilibrium
point is illustrated in Figure 2.4 for a 15hp (11.19kW) induction machine (parameters listed in
Appendix A), with AV defined as the difference between the adjusted operating condition and the

rated line-neutral RMS voltage.

T. [N-m|

1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Wy /we

Figure 2.4: Torque vs. speed plot for selected IM input voltage adjustment values.

Note that unlike with applying an external resistance, the peak of the torque vs. speed curve
remains at the same speed when adjusting the IM input voltage. The proposed implementation
of this method is similar to the variable impedance implementation presented in [2], using an
auxiliary converter connected to one side of a transformer, the other side being in series with one
of the stator windings. However, the control strategy here is simpler, as the targeted effect is that

of an ideal voltage source rather than a variable impedance, and only motor position readings are

11



necessary. The implementation is illustrated in Figure 2.5, which only displays one phase of the

wiring for one motor for clarity.

lxs,i 12,1

HIRE] 3|«

Figure 2.5: High-level per-phase, per-motor diagram of auxiliary converter implementation.

——

In this thesis, the side of each transformer in line with the stator is denoted the primary, while
the side connected to the auxiliary converter is denoted the secondary. Note that this implementa-
tion requires independent access to both ends of the primary of each transformer. The secondary
may be connected in a three-phase arrangement suitable for the auxiliary converter. (Figure 2.5
displays a neutral connection, but a delta-connected secondary should also be acceptable.)

The transformer is included for isolation between the converters and to allow for the use of a
auxiliary converter running at a lower current than the IM, though this requires the converter to
operate at a voltage higher than the required IM voltage adjustment. Since a power converter is
used to lower the input voltage when slowing down an IM, it may be possible to recover some of the
power diverted from the IM, effectively reducing the power requirement for the central converter.
However, this requires the use of bidirectional auxiliary converters, which may be more expensive
to build or require more complicated circuitry compared to a converter that cannot recover this
power. Therefore, this thesis treats the power diverted by the auxiliary converters as “lost” for the
purpose of efficiency calculations.

In a practical implementation, the auxiliary converter’s maximum voltage referred across the

transformer would be lower than the voltage the central converter is operating at, so the range of

12



torque differentials for which speed and position synchronization can be achieved is limited. An
upper bound on this range is the requirement for steady-state speed synchronization. To examine
the steady-state IM voltage adjustment needed for speed synchronization, we use the expression
for the steady-state electromagnetic torque for a single-fed, three-phase symmetrical IM presented
in [4]. Note that in the three-phase case, we use L), = %Lms in place of L,,s and define L,s =
Lis+ Ly and L), = L;, + L. We denote the corresponding reactance X ;.

2(3/2)(P/2)(X3,/we)rys|Vas|?

= 2.21
[rerl + 8(X2, — X X224+ (1 Xgs + 57, X0,)% (22D

where the slip s = (w, — w,.)/w.. Suppose unequal load torques are applied to two IMs. We
calculate the required voltage adjustment to retain equal slip using two methods. The first method
uses one IM as a reference and reduces the voltage of the other IM to match the slip, which is
required when the IMs are operated at rated voltage. The second method adjusts the voltages of
both IM to reach an intermediate shared slip, which could be used if operating below rated voltage.

If the slips are equal, the torque can be treated as proportional to the square of the applied rms

voltage. We denote the proportionality constant /.

2(3/2)(P/2) (X} /we)rys

K =
[rer! + s(X32, — X XL P2+ (r. X5 + s7:X],)?

(2.22)

Note that K is positive in motor mode (s > () and negative in generator mode (s < (). For small

values of s, we have

(P2 (XY )
Ae o mrxn) © (2:23)

Therefore, when the slip is small, the torque produced is approximately proportional to s.
We neglect windage/friction for this analysis. Using the first method, IM 1 has applied line-

neutral rms voltage V,s and load torque 73, while IM 2 has applied line-neutral rms voltage

Vast + AV and load torque 7 + AT

13



T, = KV2,, Ty + AT = KV + AV)?
KVZ2 + AT
AT
0 — —7 + 2‘/(181AV + (AV)Q

/ AT
AV — —‘/;51 j: ‘/(1251 + 7

This formula is only valid if AT = 0 implies AV = 0, so the + solution is required.

/ AT
AV = _Vasl + ‘/:1281 + 7 (224)

Now we consider adjusting the voltages of both IMs. IM 1 has applied line-neutral rms voltage
Vius + (AV/2) and load torque T' + (A7/2), while IM 2 has applied line-neutral rms voltage
Vas — (AV/2) and load torque 7' — (AT/2).

T+ (AT/2) = K(V,s + (AV/2))?, T — (AT/2) = K(V,, — (AV/2))?
(K (Vas = (AV/2))* + (AT/2)) + AT/2 = K(Vos + (AV/2))?
AT = K[(Vas + (AV/2))* = (Vas — (AV/2))7]
AT = K[V2 + Vo AV + (AV)? /4 — (V2 — Vo AV + (AV)?/4))]

AT = 2KV, AV

AT

AV = 2KV,

(2.25)

In both cases, the required rms voltage adjustment AV increases with the torque difference AT'.
Since K is approximately proportional to s, which increases with higher applied load torque, the
required AV is lower when the base torque 7' is higher. Additionally, since the sign of X matches
the sign of s, the required polarity of the applied voltage adjustment is reversed in generator mode.
(Regardless of mode, the IM with the greater applied load torque magnitude must receive a higher

voltage to synchronize.)

14



In this thesis, PI feedback control is used to achieve speed and position synchronization using
the auxiliary converter method. This uses the same definition of primary and secondary motors and
angular position used for the external resistor method’s PI feedback control (2.18, 2.19). The aux-
iliary converters all command v}, = 0 (so the commanded voltage is entirely in the ¢ component)

and, for the converters for secondary motor lines,
U;QVSZ, = Kps;00mms;, + Ki s, /5«9%781. dt. (2.26)

The primary motor line’s auxiliary converter is disabled, with all high switches open and all low

switches closed so that the converter acts like a short.

2.4 Diagram of Auxiliary Converter and Transformer

Figure 2.6 shows the full ¢d equivalent circuits for one motor of the auxiliary converter method-

ology, treating converter outputs as voltage sources.

. wAd1 / WGy / )
igs 1 @ Lo Liy @ T3 ing
+ +
+ Vg1 %LMT U2
. !/
Hoc @ igs rs “;A\‘“ Ls b, © _;-J%)/\dr r i
+' VVV—) N\ .
- Vgs Ly Vg
BV
= ; r ©“Aan Ly L, “ g2 rh i
Y WG O 2
+ N N
+ Vd1 Lyt
_ !
Ve @ ; re uJ)\qs L(s L27 (\U wr)Aqr » y
g ) A YN ) Y &
e MA— G D AW
+ N N R
- Vds Ly vy,

Figure 2.6: Auxiliary converter methodology equivalent qd0 circuits for one motor.
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In Figure 2.6, v,c, vqc are the components of the voltage supplied by the central converter,
Vg1, Vd1, igs, Lds, Aq1, A1 are the components of the transformer primary voltage and flux linkage,
Uiy Ugas Tyzs Tans Agz» Ao are the components of the referred transformer secondary output voltage,
current, and flux linkage (tied to the auxiliary converter), vy, Vgs, igs, Lds, Ags, Ads are the compo-
nents of the stator winding voltage, current, and flux linkage, and vqr, (I qr, s /\;T, , are the
components of the rotor winding voltage (zero for a squirrel-cage rotor), current, and flux linkage.
Note that the transformer primary and the stator winding share the same current.

The transformer has primary resistance and leakage inductance r, L, referred secondary re-
sistance and leakage inductance r5, Lj,, and three-phase magnetizing inductance L ;7. The motor
has stator resistance and leakage inductance r,, Ly, referred rotor resistance and leakage induc-

tance r,., Ly,, and three-phase magnetizing inductance L/, .

Figure 2.7 is a block diagram of the control structure of the auxiliary converter methodology.

*
l wT‘WL

| CVHz/IDFOC - ’

1qs,p> tds,p

Tr.p
U N
viy . =0
v 2,54 erm,p
* K, |[«— —
_| VqC) VdcC _| 7—57 Vg2,s; 50rm,si
PWM
Vq2,s;5Vd2,s; e'rm,si
v
Transformer

{ Vq1,s;>Vd1,s;

41_@ Ugs,s; > Uds,s; ;@‘TL,Si

Figure 2.7: Auxiliary converter methodology block diagram, showing control for the primary motor and
one secondary motor.
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In Figure 2.7, the central converter is labeled as “CC” and the auxiliary converter is labeled
as “AuxC”. The control strategy for the central converter and primary motor is represented as one
block, as it can be changed without affecting the structure of the synchronization control. In a
realistic implementation, a transformer and auxiliary converter would be included on every motor
line, though the primary motor’s auxiliary converter would be disabled (acting as a short) until a

new primary designation is assigned.
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Chapter 3

Numerical Case Studies

This chapter describes and presents results of transient simulations used as case studies to vali-
date the auxiliary converter methodology and compare its performance and efficiency to that of the
external stator resistance methodology. Time-domain simulations were performed in MATLAB®,
release R2022a. The central and auxiliary converters were modeled as six-switch, four-quadrant
inverters with ideal switch states (fully on or fully off). The external resistor circuits were also
modeled as switches in the same manner, neglecting snubbing. All case studies presented here
include three actuation lines in the CCMM with identical 15 hp IMs used as drive motors. Motor 1
was selected to be the primary motor, with motors 2 and 3 acting as secondary motors. Parameters
for the motors and control systems used in these studies are listed in Appendix A. Each case study
explores the effect of varying the transformer turns ratio and auxiliary converter bus voltage.

For the auxiliary converter methodology, each motor line with transformer and auxiliary con-
verter included was simulated using the following set of eight differential equations derived from

Figure 2.6 and (2.13-2.16), where w is an arbitrary reference frame speed:

DA = Vgo — (s + 71)igs — WAac (3.1a)
PAac = Vac — (Ts + 71)ias + WA (3.1b)
Py = Vg — T, — (W — wr) A, (3.1¢)
PG = Vg — Tyl + (W — wr) A, (3.1d)
Py = Ugy — Thigy — WAy, (3.1e)
PAgg = Uy — Ty + WAy (3.11)

pwr = % <§(Te —Ty) — Bmwr) (3.1g)

P, = w, (3.1h)
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Using these differential equations requires the inductance matrix converting between current

and flux linkage:

Az L¢s + Loy + Larar + Lyt Ly Lyt las
)\;T = Lyras L}T + Ly 0 ile . (3.2)
)\;2 LMT 0 LZ? + LMT 2;2

The secondary resistance and leakage inductance of the transformers (7o, L) are assumed
to scale linearly with the secondary-to-primary turns ratio Ny/N;. Therefore, by the impedance
referral relation Z, = (N;/Ny)%Z,, the referred secondary resistance and leakage inductance of
the transformers (1%, Lj,) are assumed to scale linearly with the primary-to-secondary turns ratio
N1/Ns (i.e., the inverse of the secondary-to-primary turns ratio).

Efficiency calculations presented here consider electrical energy entering the converters, elec-
trical energy supplied to the IMs, and mechanical energy transferred to the load. The energy
required to generate the control signals is neglected, as it is relatively small and dependent on

specifics of implementation.

3.1 Case Study 1a: Central Voltage Control, Ideal Switching

In this case study, all IMs were driven by the central converter using the CVHz strategy de-
scribed in [1] in combination with both position synchronization schemes detailed in Chapter 2.
Converter switching states for implementing the voltage control were generated using sine-triangle
modulation with third harmonic injection (see [5] for implementation). All switches were modeled
as ideal. In this study, the commanded speed of w;,, = 1800 rpm was first applied at £ =0s, with
zero torque load applied to each motor. After reaching steady-state commanded rotor speed, at
t =2s, torque loads of 17, 1 = 1.0T4ed> 112 = 0.8T eq, and 17, 3 = 0.77},eq Were then applied,
where 7 ,eq = 61.1 Nm was the torque rating of the (identical) IMs.

Under these conditions, the nominal voltage applied to motor 1 is Vs = 2;\;2 V and the slip of

motor 1 was observed to approach a steady-state value of s ~ 0.0374. Therefore, the proportion-
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ality constant /' ~ 0.0033 and the voltage adjustments expected for steady-state synchronization

are
_O-Qﬂae
A‘/Q == _‘/;151,1 + \/Vazsl,l + Ttd ~ —14.3 V7
_0-37—}ae
A‘/}, == _‘/;151,1 + \/Va251,1 + Ttd ~ —221 V

Transient responses are shown in Figures 3.1-3.6.
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Figure 3.1: Mechanical rotor velocities including start-up, CVHz control, ideal switching.
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Figure 3.2: Mechanical rotor velocities (zoomed in), CVHz control, ideal switching.

(3.3)

Figure 3.1 shows mechanical rotor velocity for all motors including the initial start-up period,

using the external resistance methodology and the auxiliary converter methodology with all con-

verters at the same bus voltage and No/N; = 5. Figure 3.2 provides a zoomed-in view after the

torque loads are applied. The auxiliary converter circuit slows down the acceleration a bit, tak-
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ing about 0.2 s longer to stabilize with this methodology. Then, when load is applied, the speed
varies slightly more with the auxiliary converter methodology compared to the external resistance
methodology, settling with a slightly higher slip. However, more ringing is seen in the speed re-

sponse with the external resistance methodology compared to the auxiliary converter methodology.

A\
1,000 |- .
= ]
Z. 500 \
o |
- \
ol | | —— Aux. Converter (Ng/Ny =5), T.n — Resistor, Te ;1 ||
‘ ' ‘ Aux. Converter (No/Ny =5), T.o —— Resistor, T, »
v —— Aux. Converter (Na/N1 =5), Te 3 Resistor, T, 3
| | | I I I I I I I
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

t [s]

Figure 3.3: Electromagnetic torques from 0.5 s, CVHz control, ideal switching.

Figure 3.3 shows electromagnetic torques for all motors including part of the start-up period,
using the external resistance methodology and the auxiliary converter methodology with all con-
verters at the same bus voltage and N,/N; = 5. The delay introduced by the auxiliary converter
circuit is visible, but after the start-up period ends, the electromagnetic torque for each motor is
nearly independent of the methodology. The torque responses for different motors separate at

t =2 s because of the different applied load torques.
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Figure 3.4: Individual angle errors, CVHz control, ideal switching.
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Individual rotor angle errors for the secondary motors, referenced from the primary motor, are
shown in Figure 3.4. Compared to the external resistance methodology, the auxiliary converter
methodology results in less overshoot and a smoother settling response, but a slightly longer set-
tling time. The response is marginally better with a higher secondary-to-primary turns ratio for the

transformer. Reducing the auxiliary converter bus voltage to half that of the central converter bus

voltage has negligible impact on the response for No/N; = 2.
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(b) Motor 3.

(a) Motor 2.

Figure 3.5: Fast-average external resistance, CVHz control, ideal switching.

Figure 3.5 shows the fast-average external resistance (phase a) applied to each secondary motor

line. Ringing is visible in the response, and a higher resistance is required when the load torque

difference is higher.
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Figure 3.6: Fast-average auxiliary converter voltage, CVHz control, ideal switching.

22



Figure 3.6 shows the fast-average rms referred output voltage of the auxiliary converter for
each secondary motor line. Less ringing occurs compared to the external resistance methodology,
but a higher voltage is required when the load torque difference is higher. The output voltage
is marginally lower for higher values of N;/Nj, but the auxiliary converter bus voltage has no

noticeable effect here. Note that the voltages here approach 16.5V for motor 2 and 25.5V for

motor 3, about 15% higher than the predicted steady-state values.

Table 3.1: Efficiency analysis over first 4 seconds of operation, CVHz control, ideal switching.

Description Symbol | Ext. Resistor Auxiliary Converter
Turns ratio Ny /Ny - 5 3 2 2

Auxiliary bus voltage Vpde - 339V 339V 339V 170V
Central conv. energy in E; 137.8kJ 134.9kJ | 134.9kJ | 134.9kJ | 135.0kJ
Energy supp. to motors | ¢ 123.2kJ 123.3kJ | 123.3kJ | 123.3kJ | 123.3kJ
Mech. energy output Er 117.1kJ 117.0kJ | 117.0kJ | 117.0kJ | 117.0kJ
Electrical efficiency Ne 89.40% 91.40% | 91.37% | 91.33% | 91.31%
Mechanical efficiency Nim 84.98% 86.78% | 86.72% | 86.66% | 86.65%

Table 3.1 displays the energy flow measured at 3 points in the system for this case study for
the first 4 seconds after load torque is applied: the electrical energy entering the central converter,
the electrical energy supplied to the motors, and the mechanical energy supplied to the load by the
motors. These are used to calculate values for electrical efficiency 7. = E,,0t/ Ey, and mechanical
efficiency n,, = Er, /E;,. By both metrics, the auxiliary converter methodology is more energy
efficient, as the central converter draws less energy while the energy output remains approximately

the same. Efficiency is slightly improved by a higher secondary-to-primary turns ratio, while the

auxiliary converter bus voltage appears to have no significant effect.

3.2 Case Study 1b: Central Voltage Control, Lossy Switching

In this modification of the previous case study, all switches were instead modeled with a voltage
drop of 5V in the direction of current flow, as described in [5]. The setup is otherwise identical.

Transient responses are shown in Figures 3.7-3.12.
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Figure 3.7: Mechanical rotor velocities including start-up, CVHz control, lossy switching.
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Figure 3.8: Mechanical rotor velocities (zoomed in), CVHz control, lossy switching.

Figure 3.7 shows mechanical rotor velocity for all motors including the initial start-up period,
using the external resistance methodology and the auxiliary converter methodology with all con-
verters at the same bus voltage and No/N; = 5, now with switching losses included. Figure 3.8
provides a zoomed-in view after the torque loads are applied. The start-up period is slightly longer
in this case, and the slip is noticeably higher with a wider gap between the speeds for the different
methodologies. The external resistance methodology now has more ringing in its response.

Figure 3.9 shows electromagnetic torques for all motors including part of the start-up period,
using the external resistance methodology and the auxiliary converter methodology with all con-
verters at the same bus voltage and N5/N; = 5. The peak seen at about ¢ = 1 s is lower, but the
torque responses are not significantly changed beyond that point.

Individual rotor angle errors for the secondary motors, referenced from the primary motor, are

shown in Figure 3.10. The introduction of switching losses increases overshoot and lengthens the
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Figure 3.9: Electromagnetic torques from 0.5 s, CVHz control, lossy switching.
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Figure 3.10: Individual angle errors, CVHz control, lossy switching.

settling time, though this effect is more pronounced for the external resistance method than for the
auxiliary converter method. The external resistance response also experiences more ringing in this
case.

Figure 3.11 shows the fast-average external resistance (phase a) applied to each secondary mo-
tor line. The rise time is faster and ringing is more pronounced with the addition of switching
losses, but peak and steady-state external resistance do not appear to have been affected signifi-
cantly.

Figure 3.12 shows the fast-average rms referred output voltage of the auxiliary converter for
each secondary motor line. As before, less ringing occurs compared to the external resistance
methodology, but the voltage is now significantly dependent on the choice of turns ratio, with a

higher secondary-to-primary turns ratio resulting in a lower voltage.
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Figure 3.11: Fast-average external resistance, CVHz control, lossy switching.
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Figure 3.12: Fast-average auxiliary converter voltage, CVHz control, lossy switching.

Table 3.2: Efficiency analysis over first 4 seconds of operation, CVHz control, lossy switching.

Description Symbol | Ext. Resistor Auxiliary Converter
Turns ratio Ny /Ny - 5 3 2 2

Auxiliary bus voltage Vede - 339V 339V 339V 170V
Central conv. energy in E; 154.7KkJ 141.5kJ | 142.3kJ | 143.2kJ | 143.3kJ
Energy supp. to motors | FE,, 123.8kJ 123.5kJ | 123.5kJ | 123.5kJ | 123.5kJ
Mech. energy output Er,. 116.5kJ 116.8kJ | 116.7kJ | 116.7kJ | 116.7kJ
Electrical efficiency Ne 80.02% 87.29% | 86.81% | 86.23% | 86.22%
Mechanical efficiency Nim 75.32% 82.57% | 82.06% | 81.43% | 81.43%

Table 3.2 displays the energy flow measured at 3 points in the system for this case study for
the first 4 seconds after load torque is applied: the electrical energy entering the central converter,

the electrical energy supplied to the motors, and the mechanical energy supplied to the load by the
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motors. These are used to calculate values for electrical efficiency 7. = E,,o/ Fy, and mechanical
efficiency n,, = Er, /FE;,. Efficiency is significantly lower with the addition of switching losses,
but the gap between the methodologies has widened. The efficiency improvement from increas-
ing the secondary-to-primary turns ratio is more significant here, but the effect of changing the

auxiliary converter bus voltage is still negligible.

3.3 Case Study 2a: Central Current Control, Ideal Switching

In this case study, all IMs were driven by the central converter using the IDFOC strategy de-
scribed in [1] in combination with both position synchronization schemes detailed in Chapter 2.
Converter switching states for implementing the voltage control were again generated using sine-
triangle modulation with third harmonic injection. All switches were modeled as ideal. The same
speed commands and torque loading conditions used in the previous study were applied here.

Under these conditions, the nominal voltage applied to motor 1 is V,; = 222 V and the slip of

V3

motor 1 was observed to approach a steady-state value of s ~ 0.0333. Therefore, the proportion-

ality constant KX ~ 0.003 and the voltage adjustments expected for steady-state synchronization

are
_0'27—}36
A‘/Q — _%31,1 + \/stl’l + Ttd ~ —159 V,
(3.4)
_O-gﬂae
A‘/Ii = —Vasl,1 + \/Vazsl,l + Ttd ~ —24.7V.

Transient responses are shown in Figures 3.13-3.18.

Figure 3.13 shows mechanical rotor velocity for all motors including the initial start-up period,
using the external resistance methodology and the auxiliary converter methodology with all con-
verters at the same bus voltage and N,/N; = 5. Figure 3.14 provides a zoomed-in view after the
torque loads are applied. All motors accelerate at a constant rate starting at about 0.6 s and stabilize
at the same time with this methodology. Then, when load is applied, the speed varies marginally
more with the auxiliary converter methodology compared to the external resistance methodology,

but all motors settle back at 1800 rpm in both cases. As in the CVHz control case study, more
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Figure 3.13: Mechanical rotor velocities including start-up, IDFOC control, ideal switching.
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Figure 3.14: Mechanical rotor velocities (zoomed in), IDFOC control, ideal switching.

ringing is seen in the speed response with the external resistance methodology compared to the
auxiliary converter methodology.

Figure 3.15 shows electromagnetic torques for all motors including part of the start-up period,
using the external resistance methodology and the auxiliary converter methodology with all con-
verters at the same bus voltage and No/N; = 5. The electromagnetic torque for each motor is
virtually independent of the methodology until load is applied. The torque responses for different
motors separate at ¢ =2s because of the different applied load torques, with the ripple patterns
looking slightly different. More torque ripple is present with IDFOC control than with CVHz
control.

Individual rotor angle errors for the secondary motors, referenced from the primary motor, are

shown in Figure 3.16. Compared to the external resistance methodology, the auxiliary converter
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Figure 3.15: Electromagnetic torques from 0.5 s, IDFOC control, ideal switching.
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Figure 3.16: Individual angle errors, IDFOC control, ideal switching.

methodology results in less overshoot and a smoother settling response, but a slightly longer set-
tling time. The response is marginally better with a higher secondary-to-primary turns ratio for
the transformer, though the shape is a bit different for motor 3 in the No/N; = 5 case (due to
overmodulation). Reducing the auxiliary converter bus voltage to half that of the central converter
bus voltage has negligible impact on the response for Ny /Ny = 2.

Figure 3.17 shows the fast-average external resistance (phase a) applied to each secondary
motor line. Some ringing is visible in the response, and a higher resistance is required when the
load torque difference is higher. The required resistance is slightly higher than in the CVHz control
case study.

Figure 3.18 shows the fast-average rms referred output voltage of the auxiliary converter for

each secondary motor line. Less ringing occurs compared to the external resistance methodology,
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Figure 3.18: Fast-average auxiliary converter voltage, IDFOC control, ideal switching.

but a higher voltage is required when the load torque difference is higher, and this voltage is higher
than in the CVHz case study. The output voltage is marginally lower for higher values of Ny/Ny,
but the auxiliary converter bus voltage has no noticeable effect here. In the No/N; = 5 case, the
peak commanded voltage exceeds the sine-triangle PWM maximum, leading to overmodulation:
the output voltage still increases with the command, but fails to track it, leading to a shorter but
wider peak. Note that the voltages here approach 17.5V for motor 2 and 27.0 V for motor 3, about
10% higher than the predicted steady-state values.
Table 3.3 displays the energy flow measured at 3 points in the system for this case study for
the first 4 seconds after load torque is applied: the electrical energy entering the central converter,

the electrical energy supplied to the motors, and the mechanical energy supplied to the load by the

motors. These are used to calculate values for electrical efficiency 1. = E,,0¢/ E;n, and mechanical
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Table 3.3: Efficiency analysis over first 4 seconds of operation, IDFOC control, ideal switching.

Description Symbol | Ext. Resistor Auxiliary Converter
Turns ratio Ny /Ny — 5 3 2 2

Auxiliary bus voltage Vzde - 339V 339V 339V 170V
Central conv. energy in E; 138.5kJ 135.5kJ | 135.8kJ | 137.5kJ | 137.2KkJ
Energy supp. to motors | E,,» 123.8kJ 122.5kJ | 122.8kJ | 124.3kJ | 124.0kJ
Mech. energy output Er . 117.7kJ 1177k | 117.7kJ | 117.7kJ | 117.7kJ
Electrical efficiency Ne 89.36% 90.41% | 90.38% | 90.41% | 90.37%
Mechanical efficiency Nim 84.99% 86.91% | 86.67% | 85.63% | 85.81%

efficiency 7,, = Fr, /E;,. By both metrics, the auxiliary converter methodology is more energy

efficient, as the central converter draws less energy while the energy output remains approximately

the same. Efficiency is slightly improved by a higher secondary-to-primary turns ratio, while

halving the auxiliary converter bus voltage appears to slightly reduce electrical efficiency while

lightly improving mechanical efficiency.

3.4 Case Study 2b: Central Current Control, Lossy Switching

In this modification of the previous case study, all switches were instead modeled with a voltage

drop of 5V in the direction of current flow, as described in [5]. The setup is otherwise identical.

Transient responses are shown in Figures 3.19-3.24.
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Figure 3.19: Mechanical rotor velocities including start-up, IDFOC control, lossy switching.
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Figure 3.20: Mechanical rotor velocities (zoomed in), IDFOC control, lossy switching.

Figure 3.19 shows mechanical rotor velocity for all motors including the initial start-up period,
using the external resistance methodology and the auxiliary converter methodology with all con-
verters at the same bus voltage and N,/N; = 5. Figure 3.20 provides a zoomed-in view after the
torque loads are applied. The speed curves do not appear to be significantly affected by switching
losses before load is applied. After load is applied, the speed experiences more ringing than with-
out switching losses and the shape appears more chaotic at first, but all motors still settle back at
1800 rpm in both cases. More ringing is still seen in the speed response with the external resistance

methodology compared to the auxiliary converter methodology.
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Figure 3.21: Electromagnetic torques from 0.5 s, IDFOC control, lossy switching.

Figure 3.21 shows electromagnetic torques for all motors including part of the start-up period,

using the external resistance methodology and the auxiliary converter methodology with all con-
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verters at the same bus voltage and No/N; = 5. A slight difference between the methodologies
is now seen at about ¢t =1.5s, before load is applied. The torque responses for different motors
separate at ¢t =2 s because of the different applied load torques, with more ringing seen here than

without switching losses.
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Figure 3.22: Individual angle errors, IDFOC control, lossy switching.

Individual rotor angle errors for the secondary motors, referenced from the primary motor, are
shown in Figure 3.22. Compared to the external resistance methodology, the auxiliary converter
methodology results in less overshoot and a smoother settling response, but a slightly longer set-
tling time. The response is very similar to that without switching losses, except the peak angle
errors are higher and more ringing is seen in the plots for the external resistance methodology.

Figure 3.23 shows the fast-average external resistance (phase a) applied to each secondary
motor line. More ringing is visible than without switching losses, and the peak and steady-state
resistance are higher, with the resistance for motor 3 almost reaching the maximum of 1.5 €.

Figure 3.24 shows the fast-average rms referred output voltage of the auxiliary converter for
each secondary motor line. Like with the CVHz case study, the addition of switching losses makes
the voltage significantly dependent on the choice of turns ratio. As in the simulation without

switching losses, overmodulation is seen for the No/N; = 5 case.
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Figure 3.24: Fast-average auxiliary converter voltage, IDFOC control, lossy switching.

Table 3.4: Efficiency analysis over first 4 seconds of operation, IDFOC control, lossy switching.

Description Symbol | Ext. Resistor Auxiliary Converter
Turns ratio Ny /Ny - 5 3 2 2

Aucxiliary bus voltage Vede - 339V 339V 339V 170V
Central conv. energy in E; 153.8kJ 142.2KkJ | 143.6kJ | 1459kJ | 145.1kJ
Energy supp. to motors | F,, 123.5kJ 123.2kJ | 123.8kJ | 125.3kJ | 124.4kJ
Mech. energy output Er. 117.7kJ 117.7kJ | 117.7kJ | 117.7kJ | 117.7kJ
Electrical efficiency Ne 80.34% 86.66% | 86.26% | 85.83% | 85.73%
Mechanical efficiency Nim 76.56% 82.78% | 82.02% | 80.67% | 81.14%

Table 3.4 displays the energy flow measured at 3 points in the system for this case study for
the first 4 seconds after load torque is applied: the electrical energy entering the central converter,

the electrical energy supplied to the motors, and the mechanical energy supplied to the load by
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the motors. These are used to calculate values for electrical efficiency 7. = E,,0t/E;, and me-
chanical efficiency 7, = Er,,/E;,. As in the CVHz control case study, efficiency is significantly
lowered by switching losses, but the gap between the methodologies has widened. The efficiency
improvements from increasing the primary-to-secondary turns ratio and the mechanical efficiency

improvement from lowering the auxiliary converter bus voltage are both more significant here.

3.5 Remarks

Overall, the auxiliary converter methodology was able to achieve synchronization performance
similar to the external resistance methodology with less ringing and better energy efficiency. Per-
formance could be further improved with a more optimal control algorithm. The required voltage
adjustments for steady-state synchronization were consistently higher than expected, likely be-
cause of losses in the transformers, inductive loading causing a delay between the voltages applied
on the motor lines, and the presence of harmonics in the converter outputs.

Use of transformers with higher secondary-to-primary turns ratios further improves efficiency,
but this also limits the referred auxiliary converter output voltage and therefore the range of torque
differentials for which speed and position synchronization can be achieved, so transformer selec-
tion must take this tradeoff into account. The selection of auxiliary converter bus voltage has little
impact on performance when using CVHz control, but using a lower bus voltage slightly improves
efficiency when using IDFOC control, which could be because harmonics are less present with
a voltage command closer to the maximum. The effect of selection of these parameters on the
presence of voltage and current harmonics in the system merits further investigation.

No benefit was observed from simulating in a reference frame synchronized with the electrical
frequency or the motor velocity, as the switching effects still cause rapid voltage changes in all
reference frames. Therefore, a stationary reference frame was chosen for simulation and arbitrary
reference transformation functions were replaced with fixed stationary transform functions in the

main simulation loop, except for where values in other reference frames were needed (e.g., deter-
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mining commands for the central converter). This produced a small but significant reduction in
simulation time, allowing for faster collection of data.

An aliasing effect was observed when the switching period for the external resistance or aux-
iliary converter was an integer multiple of the step time, producing a low resolution in the fast-
average plots for external resistance and auxiliary converter voltage. This appears to be because
changes in the duty cycle that do not cross a step time boundary have no effect on the samples
collected at each step. This was resolved by changing the switching period to a slightly higher
value with a much larger least common multiple with the step time.

The use of ideal voltage sources to simulate switching losses described in [5] had some peculiar
effects, including steady-state operation above commanded speed seen in Figure 3.8 and the chaotic
shape of the speed plots soon after load is applied in 3.20. This technique appears to be primarily
intended for quantifying converter efficiency and may not be well-suited for simulating the effects
of switching losses on synchronization performance, though the observed effects were not large.
Simulating with a more detailed transient model of switching effects would likely be preferable
for studying how the presence of switching losses affects the synchronization performance of the

methods studied here.
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Chapter 4
Testbed

This chapter discusses the author’s contributions to a testbed for hardware emulation of vari-
ous aerospace systems, including CCMM EM-TRAS implementations. The information presented
here is summarized from [3]. The aerospace testbed provides a flexible environment to test differ-
ent mechanical, electrical, and control architectures, is fully sensor-equipped, and includes high-
speed data acquisition, allowing for anomaly detection and health prognostics investigation.

Figure 4.1 shows a functional block diagram of the testbed. It consists of three subsystems: the
test stand, where the four actuation lines are mounted; the motor control cabinet, which controls
the drive machines; and the supervisory control and data acquisition (SCADA) system, responsible

for controlling the load machines and measuring high-speed data from the test stand.
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Figure 4.1: High-level functional block diagram of the aerospace testbed.

The test stand contains four actuation lines that can be mechanically coupled together by one-
to-one three-way gearboxes. Each line consists of a drive machine, a load and braking module
(L&B) that emulates mechanical anomalies such as jamming and sideload, a load machine re-
sponsible for emulating load torque, and several sensors, such as torque sensors (indicated by 7)

and position sensors (indicated by ¢). The motor control cabinet acts as the electrical drive of the
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drive machines, including a custom-built variable frequency drive (VFD). It contains controller
elements (HMI and microcontroller), a variable impedance element for each line responsible for
position synchronization, and sensors to measure voltages and currents of each drive machine.
The SCADA controls the load machines, acquires high-speed measurements from the test stand,
and provides an interface for user commands. The author’s contributions to the testbed include
development of the SCADA system and HMI, along with construction of the testbed’s electrical

measurement equipment.
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Figure 4.2: Screenshot of the “Indicators” tab of the LabVIEW SCADA user interface for the testbed.

SCADA is implemented for the testbed by a LabVIEW project consisting of an interface run-
ning on a Windows host PC, pictured in Figure 4.2, and a realtime program running on an NI
PXI-1031 unit with a PXI-8016 controller. The PC interface allows for manual speed or torque
control of the load motors or automated torque control based on loaded position-indexed torque
profiles. Plots and data logging features for voltage, current, torque, speed, and position are also
available on the PC interface, along with automated alarm and trip functionality. The PXI unit con-

tains a PXI-6259 analog input module for voltage, current, and torque readings, a PXI-6509 digital
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I/0 module for load motor control, and a PXI-7833R FPGA module with digital inputs for speed

and position measurement along with generation of PWM signals for the digital output module.
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Figure 4.3: Screenshot of the “Speed Profile” tab of the HMI for the motor control cabinet.

The HMI for the motor control cabinet is programmed in Python and runs on a Raspberry Pi
with a touchscreen display. Using it, the user commands the microcontroller, chooses different
operation modes, sets control parameters, and accesses the system status, which includes voltage,
current, speed, and torque measurements along with fault conditions. Figure 4.3 shows a screen-
shot of the HMI. The communication protocol used is UART/SCI, an asynchronous serial protocol
that allows bidirectional, simultaneous communication between the microcontroller and the HMI.

The testbed is equipped with sensors to measure mechanical variables (angular position and
torque) and electrical variables (voltage and current). Each actuation line has two torque sensors
measuring the torque at the shafts of the drive and load motors. The torque sensors provide an

output voltage signal in the range + 5 V corresponding to a measured torque in the range + 20 Nm.
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The driving-side torque signals are measured by the microcontroller, while both sides are measured
by the SCADA. The torque sensors also provide an incremental encoder digital output with 60
pulses per revolution, used by the SCADA to quantify differences in speed and position between
the load and driving sides of each line. Connected to the other end of the shaft of each driving
machine is a 14-bit absolute encoder, which provides a high-resolution position measurement to
the microcontroller and SCADA. Inside the cabinet are voltage and current sensors that measure the
three-phase output voltage of the power converter and two phases of the currents of all the driving
machines (the third current is calculated by the microcontroller based on no-neutral connection).
Sensing boards are used to condition all of the sensors’ output voltage signals to match the analog
input range of the DSP (0 to 3.3V) and to filter high-frequency components that could cause
aliasing problems. Mounted on the testbed are voltage and current sensors that measure one phase
of the line-to-line voltage and one phase of the current for each driving machine, feeding output
voltage signals in the range £ 10 V into the SCADA. An optocoupler circuit is used to condition
the encoder digital outputs from the load side torque sensors for the SCADA.

The test stand and motor control cabinet are pictured in Figure 4.4. In Figure 4.4a, the four
drive motors are the induction motors on the right, the four load motors are the BLDC motors on
the left, the gearboxes are visible in the middle, the 14-bit absolute encoders are on the far right,
and the torque sensors are the red boxes connected to each of the eight motors. In Figure 4.4b, the
DC power supply for the motor control cabinet is visible at the top. The screen below it displays
the HMI, surrounded by physical controls and indicators: from the top left, a power status light, a
protection bypass switch, a DC contactor status light, an enable button for the DC contactors, and
an emergency stop button. The middle panel mounts breakers to control power to each motor and
outlets that directly connect to the VFD output, while the lowest panel mounts outlets that connect
to the VFD output through the variable impedance elements. The panel between the rows of outlets

provides connections for the encoders and torque sensors.
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Figure 4.4: Photographs of (a) test stand and (b,c,d,e) motor control cabinet.

The remaining subfigures display internal views of the motor control cabinet. Figure 4.4c
shows the upper rack, which contains high-voltage capacitors allowing for rapid motor accelera-
tion along with the custom VFD. Figure 4.4d shows the sensor rack, which contains voltage and
current sensors for each motor and the DC bus as well as an auxiliary board conditioning additional
readings for the microcontroller. Figure 4.4e shows the microcontroller rack, which contains the

microcontroller rack, the board for conditioning torque signals, and some linear power supplies
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used to power the encoders and sensors. Below the microcontroller rack is the bottom rack, which

mounts the external resistors and their control boards.

The currently available variable impedance elements are boards that implement the external

stator resistance synchronization method described in Chapter 2.2 and [1]. Hardware tests of this

methodology have recently been completed, with abridged results presented in Figure 4.5.
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Figure 4.5: Hardware torque and position synchronization data collected from the textbed.

In the test used to generate Figure 4.5, CVHz control was used and all BLDC motors were set to

apply net torque load (including windage and friction from the testbed) of 4 N-m to all IMs at first

with the external resistance control keeping their positions synchronized, then the load commands

were dropped by 0.8 N-m, 1.2 N-m, and 1.6 N-m for BLDC motors 2, 3, and 4 respectively. The

recorded load torque reflected this change within about 0.25 s and remained fairly steady over time,

while the position error rose to peaks of about 14°, 23°, and 30° for motors 2, 3, and 4 respectively

before settling in about 3 s. This shows that the external resistance methodology works as expected

for maintaining speed and position synchronization.
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Chapter 5

Future Work

Research building on the work presented in this thesis will include the following:

* Further experimentation in simulation of the auxiliary converter methodology, including op-
eration in generator mode, continuously varying load torques, and parameters of other mo-
tors and transformers that could realistically be used for this purpose, exploring the impact

of changes to resistances and inductances.

* Investigation of the alternate auxiliary converter control strategy for operation below rated
voltage, which allows an auxiliary converter to raise the voltage applied to its IM. This may

achieve synchronization more quickly or more efficiently in some cases.

* Development of optimal control of both position synchronization methodologies (e.g., using
H-infinity methods; see [6] for external resistance control optimization). For the auxiliary
converter methodology, this could include use of a nonzero v}, command, adding an inten-

tional phase difference between central and auxiliary converters.

* Optimization of transformer parameters using comprehensive nonlinear models of the mo-
tors, converters, and transformers, with objectives of maximum electrical to mechanical
transfer efficiency, minimum position error settling time and overshoot, and minimum cost of
implementation. Obtaining a solution would require simulations performed on a computing

cluster over a long period.

* Hardware validation of the auxiliary converter methodology using the testbed described in
Chapter 4. This would require expansions to the testbed adding transformers and auxiliary
converters in series with the drive motors, along with control capability for each auxiliary

converter.
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Chapter 6

Conclusions

Advances to the development of two methodologies for speed and position synchronization
of induction machines in CCMM architecture used for applications such as EM-TRAS were pre-
sented in this thesis. The methodology introduced here, which uses auxiliary converters coupled
through transformers to the lines supplying power to the IMs, has been shown in simulation to
have better energy efficiency and some more desirable performance characteristics compared to
the methodology presented in [1], which uses switched external resistance in series with the stators
of the IMs. However, these improvements come at the expense of somewhat more complex re-
quirements for equipment and control capability. The author also made significant contributions to
the construction of a testbed used for hardware validation of the external resistance methodology,
improving confidence that it would be feasible for application in a full-scale CCMM system. Both
methodologies will likely have applications that are better suited for each due to their differing
advantages and disadvantages, so investigation of both appears to be worthwhile.

It must be acknowledged that the simulations presented in this thesis constitute only prelimi-
nary analysis of the auxiliary converter methodology. One load torque profile was studied using
a spread of transformer turns ratios and auxiliary converter bus voltages, but the resistance and
inductance parameters of the transformers were chosen arbitrarily and conditions other than a step
change from unloaded to positive load torque setpoints were not investigated. Simple PI feedback
control was used with arbitrary parameter selection, and modeling and measurement uncertainties
were not calculated. The author hopes that future study of both methodologies will provide a more

complete picture of their feasibility and desirable use cases.
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Appendix A

Simulation Parameters

Table A.1: Parameters for 15 hp Induction Machine.

Description Symbol Value
Machine poles P 4
Rated torque Trated 61.1 [N-m]
Stator resistance T 0.06 2]
Rotor resistance (referred) T 0.15[9]
Stator leakage inductance Ly 1.17 [mH]
Rotor leakage inductance (referred) L, 1.14 [mH]
Magnetizing inductance Ly 33.4 [mH]
Windage and friction loss coefficient B, 5.41x10~*[N-m-s]
Rotor inertia J 0.45 [kg-m?]

Table A.2: Parameters for Compensated Volts-per-Hertz Control.

Description Symbol Value
Low-pass filter time constant TLPF 0.1[s]
Slew-rate limiter minimum Omin | -75.4 [rad/s?]
Slew-rate limiter maximum Qimax 75.4 [rad/s?]
Base rotor speed Wh 377 [rad/s]
Base voltage (rms) Vi 139[V]
Central converter DC input voltage Vde 339[V]
PWM switching frequency fs 3 [kHz]
Switch voltage drop Vesw {0,5} [ V]
Diode voltage drop Ved {0,5} [V]
Table A.3: Parameters for Speed Control.
Description Symbol Value
Speed control proportional gain | K, | 26.7[N-m-s/rad]
Speed control integral gain K. 8.33 [1/s]
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Table A.4: Parameters for Indirect Field-oriented Control.

Description Symbol | Value
Torque limiter upper max Tt max 2T pted
Torque limiter lower max T% min =21 ated
Hysteresis band tolerance hy 0.17A]

Converter DC input voltage Vde 339 [V]
Switch voltage drop Vesw {0,5} [V]
Diode voltage drop Ved {0,5} [V]

Table A.5: Parameters for External Resistor Circuit and Control.

Description Symbol Value
Base resistance r 1.5[9]
PWM switching frequency frs 4.988 [kHz]
Resistance control proportional gain K,, 30 [1/rad]
Resistance control integral gain K,; 60 [1/(rad-s)]
Switch voltage drop Upsw {0,5} [V]
Diode voltage drop Urd {0,5} [V]

Table A.6: Parameters for Auxiliary Converter Circuit and Control.

Description Symbol Value
Auxiliary converter DC input voltage Vgde {339,170} [V]
PWM switching frequency fes 4.988 [kHz]
Voltage control proportional gain K,y 80 [V/rad]
Voltage control integral gain K, 120 [V/(rad-s)]
Switch voltage drop Vgsw {0,5} [V]
Diode voltage drop Vrd {0,5} [V]
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Table A.7: Parameters for Auxiliary Converter Transformers.

Description Symbol Value
Secondary-to-primary turns ratio Ny /Ny {5,3,2}
Primary resistance 71 0.001 [2]
Secondary resistance (referred) Th 0.01(N1/N2) [£2]
Primary leakage inductance Ln 0.1 [mH]
Secondary leakage inductance (referred) L, 0.5(N7/N3) [mH]
Magnetizing inductance Lyr 10 [mH]
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Appendix B
MATLAB® Code for Simulation and Analysis

This appendix includes all code used for simulation of both synchronization methodologies
and analysis of simulation data presented in this thesis. Code provided by Claudio Lima used for

simulations performed in [1] was used as a baseline.

B.1 CVHz Control, External Resistor Method

% Multirun_3IM_CVHZ_res.m

% Runs 3—motor simulation of resistor sync method using CVHz control
clear

close all

clc

% load k_hinf

% [Ak,Bk,Ck,Dk] = ssdata(k_hinf);

Kp —30; % 1/rad

Ki = —60; % 1/(radxs)

[Ak,Bk,Ck,Dk] = ssdata(tf([Kp Kil,[1 01));

% Code currently only supports 3 identical motors
ParametersIM = ReturnParametersIM_15hp;

rs = ParametersIM.rs;

rr = ParametersIM.rr;

Lls = ParametersIM.Lls;

Llr = ParametersIM.Llr;

Lm = ParametersIM.Lm;

Ls = ParametersIM.Ls;

Lr = ParametersIM.Lr;
sigma = 1 Lm~2/ (LsxLr)
tau_s = Ls/rs;

tau_r = Lr/rr;

sigma_s = tau_sx*sigma;
sigma_r = tau_rxsigma;
mu_s = 1/sigma_s;

mu_r 1/sigma_r;

o d° o o° o o° o°

Incorporating mu_s inside the param structure
ParametersIM.mu_s = mu_s;

o° o°

ParamController.Ak = Ak;
ParamController.Bk = Bk;
ParamController.Ck = Ck;
ParamController.Dk = Dk;

ParamController.order = length(Ak);

% ParamController.rext_max = ParametersIM_2.rsx100;
ParamController.rext_max = 1.5;

% Parameters for switching losses

ParamSys.vswM = 0; Main converter switch voltage
ParamSys.vdM = 0; Main converter diode voltage
ParamSys.vswR = 0; Resistor board switch voltage
ParamSys.vdR = 0; Resistor board diode voltage

o° o° of of

TL1 variation = 0; % Variation in load torque in pu
TL2_variation = —0.2;

TL3_variation = —0.3;

time_variation_TL1 = 2;

time_variation_TL2 = 2;
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time_vari

ParamSys.TL1 variation
ParamSys.TL2_variation
ParamSys.TL3_variation

ParamSys.
ParamSys.
ParamSys.

ation_TL3 = 2;

TL
TL
TL
time_variation_TL1
time_variation_TL2
time_variation_TL3

1_variation;
2_variation;
3_variation;
= time_variation_TL1;
= time_variation_TL2;
= time_variation_TL3;

num_states = 20 + 2xParamController.order;

deltat =

['H
6:

’

’

10e—6;

tspan = t_ini:deltat:t_end;

options =
% options

tic

[t,y] = oded5(@(t,y) ThreeIM_1Converter_CVHz_res(t,y,ParametersIM,

odeset('MaxStep',
= odeset();

= zeros(1l,num_states); % Initial conditions for state variables
load x0_save
x0 = x0_save;

deltat, 'RelTol',le—5, 'AbsTol', le—6);

ParamSys, ParamController), tspan, x0, options);

toc

Save st
x0_save

o o° o°

ate
= y(end,:);

save x0_save x0_save

% POST—PROCESSING
L A %
% PICKING UP THE STATES

% 1ST MOTOR

lambda_ds_1 = y(:,1); % Flux ds [Wb]
lambda_qs_1 = y(:,2); % Flux gs [Wb]
lambda_dr_1 = vy(:,3); % Flux dr [Wb]
lambda_qr_1 = y(:,4); % Flux qr [Wb]
wr_1 = y(:,5); % Rotor speed (electric) [rad/s]
theta_r_1 = y(:,6); % Rotor position (electric) [rad]
% COMPENSATED VOLTS—PER-HERZ CONTROL

R_theta_e = y(:,7); % Electrical angular position [rad]

% y_LPF = y(:,8); % Output of the low—pass filter

% 2ND MOTOR

lambda_ds_2 = y(:,9); % Flux ds [Wb]
lambda_qs 2 = y(:,10); % Flux gs [Wb]
lambda_dr_2 = y(:,11); % Flux dr [Wb]
lambda_qr-2 = y(:,12); % Flux qr [Wb]
wr_2 = y(:,13); % Rotor speed (electric) [rad/s]
theta_r_2 = y(:,14); % Rotor position (electric) [rad]
% 3RD MOTOR

lambda_ds_3 = y(:,15); % Flux ds [Wb]
lambda_qgqs_-3 = y(:,16); % Flux gs [Wb]
lambda_dr_3 = y(:,17); % Flux dr [Wb]
lambda_qr-3 = vy(:,18); % Flux qr [Wb]
wr_3 = y(:,19); % Rotor speed (electric) [rad/s]
theta_r_3 = y(:,20); % Rotor position (electric) [rad]

o
G

o

e

o

o

EXTRACTING OUTPUT STRUCTURES FROM DIFF EQ FUNCTION

J

[~, IM1 out, IM2_out, IM3_out, Sw_out] = cellfun(@(t,y)
ThreeIM 1Converter _CVHz_res(t, y, ParametersIM, ParamSys,

ParamController), num2cell(t), num2cell(y,2),'uni',0);

R_vqgsC
R_vdsC

zeros(numel(t),1);
zeros(numel(t),1);
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R.TL_1 zeros (numel(t),1);
R.Te_1 zeros (numel(t),1);
theta_a_1 = zeros(numel(t),1);
R_vgs_1 = zeros(numel(t),1);
R_vds_1 = zeros(numel(t),1);

R_TL_2 zeros (numel(t),1);
R_Te_2 zeros(numel(t),1);
theta_a_2 = zeros(numel(t),1);
R_vgs_2 = zeros(numel(t),1);
R_vds_2 = zeros(numel(t),1);
rext2_pwm = zeros(numel(t),1);
rext2_cont = zeros(numel(t),1);

R_TL_3 = zeros(numel(t),1);
R_Te_3 = zeros(numel(t),1);
theta_a_3 = zeros(numel(t),1);
R_vgs_3 zeros (numel(t),1);
R_vds_3 zeros (numel(t),1);
rext3_pwm = zeros(numel(t),1);
rext3_cont = zeros(numel(t),1);

R_S1 = zeros(numel(t),1);
R_S2 = zeros(numel(t),1);
R_S3 = zeros(numel(t),1);

for i=1l:numel(t)
R_vgsC(i) = IM1 out{i}.vqsC;
R_vdsC(i) = IM1_out{i}.vdsC;
R.TL_1(i) = IMl_out{i}.TL;
R.Te_1(i) = IM1l_out{i}.Te;

% theta_a_1(i) = IMl_out{i}.theta_a;

R_vgs_1(i) = IM1_out{i}.vqs;
R_vds_1(i) = IM1l_out{i}.vds;
R.TL 2(i) = IM2_out{i}.TL;
R.Te_2(i) = IM2_out{i}.Te;

% theta_a_2(i) = IM2_out{i}.theta_a;

R_vgs_2(i) = IM2_out{i}.vqs;
R_vds_2(i) = IM2_out{i}.vds;

rext2_pwm(i) = IM2_out{i}.rext_pwm;
rext2_cont(i) = IM2_out{i}.rext_cont;

R_TL_3(i) = IM3_out{i}.TL;
R_Te_3(i) = IM3_out{i}.Te;
% theta_a_3(i) = IM3_out{i}.theta_a;

R_vgs_3(1i)
R_vds_3(1)

IM3_out{i}.vgs;
IM3_out{i}.vds;

rext3_pwm(i) = IM3_out{i}.rext_pwm;
rext3_cont(i) = IM3_out{i}.rext_cont;

R_S1(i) = Sw_out{i}.S(1);
R_S2(i) = Sw_out{i}.S(2);
R_S3(i) = Sw_out{i}.S(3);

end
o

clear y IM1 out IM2_out IM3_out Sw_out

% Auxiliary Equations for the IMs

% Transformation of electrical rotor speed and electrical angular position
% to mechanical rotor speed and mechanical angular position
% 1st IM

R-wm_1 = wr_1/(ParametersIM.P/2);

R_theta_m_1 = theta_r_1/(ParametersIM.P/2);

% 2nd IM

R.wm_2 = wr_2/(ParametersIM.P/2);

R_theta_m_2 = theta_r_2/(ParametersIM.P/2);

% 3rd IM

R.wm_3 = wr_3/(ParametersIM.P/2);

R_theta_m_3 = theta_r_3/(ParametersIM.P/2);

% Transformation of fluxes to currents — DQ components
% 1ST MOTOR
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[R_ids_1, R_igs_1, R_idr_1, R_iqr_1] = Fluxes2Currents(lambda_ds_1,
lambda_qgs_1, lambda_dr_1, lambda_qr_1, ParametersIM);

% 2ND MOTOR

[R_ids_2, R_igs_2, R_idr_2, R_iqr_2] = Fluxes2Currents(lambda_ds_2,
lambda_qs_2, lambda_dr_2, lambda_qr_2, ParametersIM);

% 3RD MOTOR

[R_ids_3, R_igs_3, R_idr_3, R_iqr_3] = Fluxes2Currents(lambda_ds_3,
lambda_qs_3, lambda_dr_3, lambda_qr_3, ParametersIM);

Calculating voltage actually reaching motor 2
vgs_2 = R.vgs_2 — (R_igs_2 .* rext2_pwm);
vds_2 = R.vds_2 — (R_ids_2 .x*x rext2_pwm);

PR

% Calculating voltage actually reaching motor 3
R.vgs_3 = R.vgs_3 — (R_igs_3 .* rext3_pwm);
R_vds_3 = R.vds_3 — (R_ids_3 .* rext3_pwm);

% Clear variables not saved

clear lambda_ds_1 lambda_qgs_1 lambda_dr_1 lambda_qr_1 theta_r_1 wr_1 ...
lambda_ds_2 lambda_qs_2 lambda_dr_2 lambda_qr_2 theta_r_2 wr_2 ...
lambda_ds_3 lambda_qs_3 lambda_dr_3 lambda_qr_3 theta_r_3 wr_3 ...

i j tspan t_ini t_end x0 num_states deltat

function [y, IM1, IM2, IM3, Sw] = ThreeIM_lConverter_CVHz_res(t, u,
ParametersIM, ParamSys, ParamController)

% STATES

% 1ST MOTOR

lambda_ds_1 = u(1); % Flux ds [Wb]
lambda_gs_1 = u(2); % Flux gs [Wb]
lambda_dr_1 = u(3); % Flux dr [Wb]
lambda_qr_1 = u(4); % Flux qr [Wb]
wr_1 = u(5); % Rotor speed (electric) [rad/s]
theta_r_1 = u(6); % Rotor position (electric) [rad]
% COMPENSATED VOLTS—PER-HERZ CONTROL

theta_e = u(7); % Electrical angular position [rad]

y_LPF = u(8); % Output of the low—pass filter

% 2ND MOTOR

lambda_ds_2 = u(9); % Flux ds [Wb]
lambda_gs_2 = u(10); % Flux qs [Wb]
lambda_dr_2 = u(11); % Flux dr [Wb]
lambda_qr_2 = u(12); % Flux qr [Wb]
wr_2 = u(13); % Rotor speed (electric) [rad/s]
theta_r_2 = u(14); % Rotor position (electric) [rad]
% 3RD MOTOR

lambda_ds_3 = u(15); % Flux ds [Wb]
lambda_qs_3 = u(16); % Flux qs [Wb]
lambda_dr_3 = u(17); % Flux dr [Wb]
lambda_qr_3 = u(18); % Flux qr [Wb]
wr_3 = u(19); % Rotor speed (electric) [rad/s]
theta_r_3 = u(20); % Rotor position (electric) [rad]
% RESISTANCE CONTROL OF MOTORS 2&3
e ——eLL- %
% CONTROLLERS

n = ParamController.order;

% Automatic state-building of the controllers, based on order

xk2 = u(21:21+n—1);

xk2 = reshape(xk2,n,1);

xk3 = u(21+n:21+2*n—1);

xk3 = reshape(xk3,n,1);

% GET SYSPARAMS
vswM = ParamSys.vswM;

swi
vdM = ParamSys.vdM;
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vswR = ParamSys.vswR;
vdR = ParamSys.vdR;

TL1 delta = ParamSys.TL1l variation;
time_delta_TL1 = ParamSys.time_variation_TL1;

TL2 _delta = ParamSys.TL2 variation;
time_delta_TL2 = ParamSys.time_variation_TL2;

TL3_delta = ParamSys.TL3 variation;
time_delta_TL3 = ParamSys.time_variation_TL3;

if t > time_delta_TL1

TL.1 = (1+TL1_delta)*ParametersIM.Tnom;
else

TL_1 = ParametersIM.Tnom;
L.1=0;

— o°

end

if t > time_delta_TL2
TL_2 = (1+TL2_delta)*ParametersIM.Tnom;

else

% TL_2 = ParametersIM.Tnom;
TL.2 = 0;

end

if t > time_delta_TL3
TL_3 = (1+TL3_delta)*ParametersIM.Tnom;
else
% TL_3
TL_3 =

= ParametersIM.Tnom;
0;
end

q
o

Arbitrary Reference Frame

Stator reference

9 0° o d° o d° o° d° o° o° o° o° o o° g° o° o°

Auxiliary Equations for the IMs

Transformation of fluxes to currents — DQ components
1ST MOTOR
ids_1, igs_1, idr_1, iqr_1] = Fluxes2Currents(lambda_ds_1, lambda_qgs_1,
lambda_dr_1, lambda_qr_1, ParametersIM);
% 2ND MOTOR
[ids_2, iqs_2, idr_2, iqr_2] = Fluxes2Currents(lambda_ds_2, lambda_qgs_2,
lambda_dr_2, lambda_qr_2, ParametersIM);
% 3RD MOTOR
[ids_3, igs_3, idr_3, iqr_3] = Fluxes2Currents(lambda_ds_3, lambda_qgs_3,
lambda_dr_3, lambda_qr_3, ParametersIM);

— o o° o o° o°

Electromagnetic and Load Torques

1ST MOTOR

= 3/4xParametersIM.Px*(lambda_ds_1.+igs_1 — lambda_qgs_1.*ids_1);
D MOTOR

= 3/4+ParametersIM.Px*(lambda_ds_2.*igs_2 — lambda_qgs_2.*ids_2);
D MOTOR

= 3/4xParametersIM.Px*(lambda_ds_3.xigqs_3 — lambda_qgs_3.*ids_3);

e

N |
WIoN ==

e

— 0° = 0° - o° o°
w

e_

% Transformation of electrical rotor speed and electrical angular position
% to mechanical rotor speed and mechanical angular position

% 1st IM

% wnm_1l = wr_1/(ParametersIM.P/2);

theta_m_1 = theta_r_1/(ParametersIM.P/2);

wm_2 = wr_2/(ParametersIM.P/2);
theta_m_2 = theta_r_2/(ParametersIM.P/2);
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% 3rd IM
wm_2 = wr_2/(ParametersIM.P/2);
theta_m_3 = theta_r_3/(ParametersIM.P/2);

o°

% Transforming stator and rotor currents from qd reference to abc variables
% % 1lst IM

% [ias_1, ibs_1, ics_1] = qd2abcs(igs_1, ids_1, theta_a_1);

% % 2nd IM

% [ias_2, ibs_2, ics_2] = qd2abcs(igs_2, ids_2, theta_a_2);

% % 3rd IM

% [ias_3, ibs_3, ics_3] = qd2abcs(igs_3, ids_3, theta_a_3);

% 1st IM

ias_1 = igs_1;

[ibs_1, ics_1] = statbc(igs_1, ids_1);

ias_2 = iqgs_2;
[ibs_ 2, ics_ 2] = statbc(igs_2, ids_2);

ias_3 = iqgs_3;
[ibs_3, ics_3] = statbc(igs_3, ids_3);

% Rotor Voltages (squirrel cage) — DQ components
% 1st IM
vdr_1 = 0;

0;

<
o
=

| | |
N

o ==
= =
[oNo)

[cXo]

Low—Pass Filter Definitions/Equations

% The signal x_corr = 3%Px(vqs_e_starxiqs_e — 2xrs*xIs~2)/Ktv (Eq. 14.2—16
% from Krause) is filtered using a low—pass filter (LPF), accordingly to

% Krause's suggestion. In order to implement this filtering process, a new
% state, y, was created, from the diff. equation of a LPF:

% dy/dt = (x-y)/tau,

% where x is the filter input and y is the filter output, while tau is the
% filter time constant.

% The LPF output is the signal X_corr, used in the Volts—per—Hertz

% compensated control section down below.

% The input of the filter is set in the Volts—per—Hertz compensated control
% section down below, since, as seen above, it depends on vgs_e_star, which
% in turn is defined by the Volts—per—Herz compensated control equations.

°
©

Time constant of the filter
tau_LPF = 0.1;

% Output of the LPF filter
X_corr = y_LPF;

o
6 6

Compensated Volts—per—Herz Control

9° o° o°

% Transforming from iabcs to iqds_e
[igs_e_1, ids_e_1] = abcs2qd(ias_1, ibs_1, ics_1, theta_e);

% Rated voltage (line to neutral rms) and rated radian frequency
= ParametersIM.Vs/sqrt(3);
wb = ParametersIM.f*2x*pi;

<

% Commanded mechanical speed
wrm_star = DesiredSpeed(t);

% Mechanical commanded speed to electrical commanded speed
wr_star = wrm_starxParametersIM.P/2;

Eq 14.2—7 (Krause)

Equation from Krause was wrong (commented version). The right one, after
checking 2 times, with 2 different approachs, is the one used here!
num_Ktv = 3*ParametersIM.P/2+ParametersIM.Lm"2xParametersIM. rrxVb"2;
den_Ktv = ParametersIM.rrx2x(ParametersIM.rs”2+wb”2«ParametersIM.Ls"2);
num_Ktv = 3*ParametersIM.PxParametersIM.Lm™2xVb"2;

den_Ktv = ParametersIM.rrx2x*(ParametersIM.rs"2+wb”2xParametersIM.Ls"2);
Ktv = num_Ktv/den_Ktv;

o° o° o° o o°
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% Eq. 14.2—12 (Krause)
Is = sqrt(igs_e_172 + ids_e 172)/sqrt(2);

% Eq. 14.2—14 (Krause)
we = (wr_star + sqrt(max([0 wr_star”2+X_corr]l)))/2;

% Eq 14.2—4 (Krause)
Vs = (wr_star ~= 0)*Vbxsqrt((ParametersIM.rs”2+we”2*ParametersIM.Ls"2)/(ParametersIM. rs”2+wb”2*xParametersIM

% Saturation on Vs
Vs = min(Vb,Vs);

% Placing the voltage arbitrarily in the q axis
vgs_e_star = Vsxsqrt(2);
vds_e_star = 0;

% Eq 14.2—16 (Krause)
x_corr = 3xParametersIM.Px(vqs_e_starxiqs_e_1 — 2xParametersIM.rs*Is"2)/Ktv;

%
J

Input of the LPF filter
u_LPF = x_corr;

Transforming vds_e_star and vgs_e_star to vabcs
[vas_star, vbs_star, vcs_star] = gd2abcs(vqgs_e_star,vds_e_star,theta_e);

o° o°

o°

Converter (voltage control)

f_sw = 3e3; % inverter switching frequency

vdc = ParametersIM.Vsxsqrt(2); % vdc got by a 3—phase full-bridge rectifier
[S,~,~,~,~] = my3HarmonicSineTri_v2(t, theta_e, vgs_e_star, vds_e_star, vdc, f_sw);
IM = [(ias_l+ias_2+ias_3) (ibs_1+ibs_2+ibs_3) (ics_1+ics_2+ics_3)1;

[vas, vbs, vcs] = my3PhaseConverterVoltLoss(S, vdc, vswM, vdM, IM);

Ideal voltage source

% vas_1 = vas_star;

% vbs_1 = vbs_star;

% vcs_1 = vcs_star;

% Transforming vabcs to vds and vqgs

[vgsC, vdsC] = abcs2qd(vas, vbs, vcs, theta_a_1);
% STATOR RESISTANCE CONTROL
% INDUCTION MOTORS 2 & 3

% Controller input vector uk
% For now, only the position error

Ak = ParamController.Ak;
Bk = ParamController.Bk;
Ck = ParamController.Ck;
Dk = ParamController.Dk;

uk2(1l) = theta_m_1 — theta_m_2;
xk2_dot = Akxxk2 + Bkxuk2;
yk2 = Ckxxk2 + Dkxuk2;

uk3(1) = theta_m_1 — theta_m_3;
xk3_dot = Akxxk3 + Bk*uk3;
yk3 = Ckxxk3 + Dkxuk3;

% Controller output vector yk
% For PI controller, yk is in units of 1/rad

rext2_cont = yk2(1l)*ParametersIM.rs;

rext2_cont = max(rext2_cont,0);

rext2_cont = min(rext2_cont,ParamController.rext_max);
rext3_cont yk3(1)+ParametersIM.rs;

rext3_cont = max(rext3_cont,0);
rext3_cont = min(rext3_cont,ParamController.rext_max);

% Controlable external resistance via PWM
f_sw = 4.987654321e3;

r_full = ParamController.rext_max;

d2 = rext2_cont/r_full;

S_rext2 = myPWM(t, d2, f_sw);

rext2_pwm = S_rext2 *x r_full;
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d3 = rext3_cont/r_full;
S_rext3 = myPWM(t, d3, f_sw);
rext3_pwm = S_rext3 * r_full;

% PWM external resistance
rext2 = rext2_pwm;
rext3 = rext3_pwm;

Ideal external resistance
rext2 = rext2_cont;
rext3 rext3_cont;

o° o o°

% vQs_-2 = vqs_1;

% vds_2 = vds_1;

% If external resistance is off, then current flows through switches. If
% these are non—ideal, then voltage drop is always 1 switch + 1 diode
vas_2 = vas — ~S_rext2*xsign(ias_2)x*(vswR+vdR);

vbs_2 vbs — ~S_rext2*xsign(ibs_2)x*(vswR+vdR);

vcs_2 = vcs — ~S_rext2xsign(ics_2)*(vswR+vdR);

% Transforming vabcs to vds and vqgs

[vgs_2, vds_2] = abcs2qd(vas_2, vbs_2, vcs_2, theta_a_2);

vas_3 vas — ~S_rext3x*sign(ias_3)x*(vswR+vdR);

vbs_3 vbs — ~S_rext3*sign(ibs_3)x*(vswR+vdR);

vcs_3 = vcs — ~S_rext3*sign(ics_3)x*(vswR+vdR);

% Transforming vabcs to vds and vgs

[vgs_3, vds_3] = abcs2qd(vas_3, vbs_3, vcs_3, theta_a_3);

% Apply this loss to motor line 1 too for parity. In a real system, both
% would be connected to a board in case torque differnce reverses

vas_1l = vas — sign(ias_1)x*(vswR+vdR);

vbs_1 = vbs — sign(ibs_1)*(vswR+vdR);

vcs_1 = vcs — sign(ics_1)*(vswR+vdR);

% Transforming vabcs to vds and vgs

[vgs_1, vds_1] = abcs2qd(vas_1, vbs_1, vcs_1, theta_a_1);

% OUTPUT STRUCTURES
% Switching states
Sw.S = S;

Sw.S_rext2 = S_rext2;
Sw.S_rext3 = S_rext3;
% 1lst motor

IM1.vqgsC = vqgsC;
IM1.vdsC = vdsC;
IM1.TL = TL_1;

IM1.Te = Te_1;

IM1.vgs = vgs_1;
IMl.vds = vds_1;
IMl.we = we;
IM1.theta_e theta_e;

IM1l.theta_a = theta_a_1;

% 2nd motor

IM2.TL = TL_2;

IM2.Te = Te_2;

IM2.vqs = vqgs_2;

IM2.vds = vds_2;
IM2.theta_a = theta_a_2;
IM2.rext_pwm = rext2_pwm;
IM2.rext_cont = rext2_cont;

% 3rd motor
IM3.TL = TL_3;
IM3.Te = Te_3;

IM3.vgs = vqgs_3;
IM3.vds = vds_3;
IM3.theta_a = theta_a_3;

IM3.rext_pwm = rext3_pwm;
IM3.rext_cont = rext3_cont;

o o

% DIFF. STATES EQUATIONS
% 1ST MOTOR
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y(1l) = vds_1 — ParametersIM.rsxids_1 + wa_1 * lambda_qgs_1; % lambda_ds_1
y(2) = vgs_1 — ParametersIM.rsxigs_1 — wa_1 * lambda_ds_1; % lambda_qgs_1
y(3) = vdr_1 — ParametersIM.rrxidr_1 + (wa_l-wr_1)*lambda_qr_1; % lambda dr_1
y(4) = vqr_1 — ParametersIM.rrxiqr_1 — (wa_l-wr_1)xlambda_dr_1; % lambda qr_1
y(5) = (1/ParametersIM.J)x*((Te_1-TL_1)*ParametersIM.P/2 + ...
—ParametersIM.bxwr_1); % wr_1
y(6) = wr_1; % theta_r_1
% COMPENSATED VOLTS—PER-HERTZ CONTROL
y(7) = we; % Electrical angular position
y(8) = (u_LPF — y_LPF)/tau_LPF; % Output of the low pass filter
% 2ND MOTOR
y(9) = vds_2 — (ParametersIM.rs + rext2)*ids_2 + wa_2 * lambda_qgs_2; % lambda_ds_2
y(10) = vgs_2 — (ParametersIM.rs + rext2)*igqs_2 — wa_2 * lambda_ds_2; % lambda_qs_2
y(11) = vdr_2 — ParametersIM.rrxidr_2 + (wa_2-wr_2)x*lambda_qr_2; % lambda dr 2
y(12) = vqr_2 — ParametersIM.rrxiqr 2 — (wa_2—wr_2)x*lambda_dr_2; % lambda qr 2
y(13) = (1/ParametersIM.J)*((Te_2—TL_2)*ParametersIM.P/2 + ...
—ParametersIM.bxwr_2); % wr_2
y(14) = wr_2; % theta_r_2
% 3RD MOTOR
y(15) = vds_3 — (ParametersIM.rs + rext3)*ids_3 + wa_3 * lambda_qs_3; % lambda_ds_3
y(16) = vgs_3 — (ParametersIM.rs + rext3)*iqs_3 — wa_3 * lambda_ds_3; % lambda_qs_3
y(17) = vdr_3 — ParametersIM.rr*xidr_3 + (wa_3—wr_3)x*lambda_qr_3; % lambda dr_ 3
y(18) = vqr_3 — ParametersIM.rr*xiqr_3 — (wa_3-wr_3)x*lambda_dr_3; % lambda_qr_3
y(19) = (1/ParametersIM.J)*((Te_3—TL_3)*ParametersIM.P/2 + ...
—ParametersIM.b*wr_3); % wr_3
y(20) = wr_3; % theta_r_3
% RESISTANCE CONTROL OF 2ND & 3RD MOTOR
% CONTROLLER
% Automatic state-building diff. equations of the controller, based on its order

y(21:21+n—1) = xk2_dot;
y(21+n:2142xn—1) = xk3_dot;

y=y";
end

B.2 CVHz Control, Auxiliary Converter Method

9696967656676 %676 %6 5676565676 %6676 %6 %676 %6 %6 %6 %676 %6 9665656765656 %6 %6 %676 %66 %6 566 %6966 56676 96 %6 %6 %6 %6 %6 %66 %6 %6626 966565666 %6 %6 %6 %6 %6 %6 %6 %6
% Multirun_3IM_CVHZ volt_xf.m
% Runs 3—motor simulation of auxiliary converter method using CVHz control
060606566566 %66 %6 %66 6 666 %6 %6 6 6 6 6 6 6 6 66 6 6666 66666666 6-6°6°6°6°6°6°6°6°6°6°6°6°6 6666666 6 6 6 6 6 6 6 6666 666
clear

close all

clc

% load k_hinf

% [Ak,Bk,Ck,Dk] = ssdata(k_hinf);

Kp = —80; % V/rad

Ki —120; % V/(radxs)

[Ak,Bk,Ck,Dk] = ssdata(tf([Kp Ki],[1 0]1));

% Code currently only supports 3 identical motors
ParametersIM = ReturnParametersIM_15hp;

rs = ParametersIM.rs;
rr = ParametersIM.rr;
Lls ParametersIM.Lls;

Llr = ParametersIM.Llr;

Lm ParametersIM.Lm;

Ls ParametersIM.Ls;

Lr = ParametersIM.Lr;
sigma = 1 — Lm~2/(Lsx*Lr)
tau_s = Ls/rs;

tau_r = Lr/rr;

sigma_s = tau_s*sigma;
sigma_r = tau_rxsigma;

o o° o° o° o°
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mu_s
mu_r

o° o°

o° o°

ParamController.Ak =
ParamController.Bk =
ParamController.Ck =

ParamController.Dk

1/sigma_s;
1/sigma_r;

ParamController.order

ParamController.delv_
ParamController.tstar

o

ParamSys.
ParamSys.
ParamSys.
ParamSys.

time_variation_TL1
time_variation_TL2
time_variation_TL3

ParamSys.time_variation_TL1
ParamSys.time_variation_TL2
ParamSys.time_variation_TL3

VswM = 0 %
vdM = 0; %
vswD = 0 %
vdD = %

TL1_variation = 0; %
ParamSys.TL1 variation =

TL2_variation = —0.2;
ParamSys.TL2_variation

TL3_variation = —0.3;
ParamSys.TL3_variation

num_state
x0

S

Ak;
Bk;
Ck;
Dk;

max
t

Incorporating mu_s inside the param structure
ParametersIM.mu_s = mu_s;

length(Ak);

= 50
2; % Time to turn on voltage drop

% Parameters for switching losses

Main converter switch voltage
Main converter diode voltage
Drop converter switch voltage
Drop converter diode voltage

2;
2;
2;

time_variation_TL1;
time_variation_TL2;
time_variation_TL3;

Variation in load torque in pu

TL1_variation;

TL2_variation;

TL3_variation;

= 26 + 2xParamController.order;

x0_save;
t_ini = 0;
t_end = 6;
deltat = 10e—6;

= zeros(l num_states);
load x0_save
X0 =

tspan = t_ini:deltat:t_end;

options =
% options

odeset('MaxStep', deltat, 'RelTol',le—5, 'AbsTol',

odeset();

% Set up iterations and allocate space for saved variables
Nlist = [1/5 1/3 1/2 1/2];

vdcRlist

TL_2_out

[T11606.5

1;

zeros (numel(tspan),numel(Nlist));
Te_2_out = TL_2_out;
delv2_vd out = TL. 2 0

ut;

delv2_vg_out = TL_2_out;
delv2_cont_out = TL_2_out;
wm_2_out = TL_2_out;
theta_m_2_out = TL_2_out;
ids_2_out = TL_2_out;
igs_2_out = TL_2_out;
idr_2_out = TL_2_out;
iqr_2_out = TL_2_out;
id2_2_out = TL_2_out;
ig2_2 out = TL_2_out;
vgl_2_out = TL_2_out;
vdl_2_out = TL_2_out;
vgs_2_out = TL_2_out;
vds_2_out = TL_2_ out;
Sd1l_2_out = TL_2_out;
Sd2_2_out = TL_2_out;
Sd3_2_out = TL_2_out;
TL_3_out TL_2_out;

Te_3_out = TL_2_out;
delv3_vd_out = TL_2_0
delv3_vg out = TL. 2 o

delv3_cont_out

wm_3_out

TL_2_out;

ut;
ut;

= TL_2_out;
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% Initial conditions for state variables

le—6);



theta_m_3_out = TL_2_out;

ids_3_out = TL_2_out;
igs_3_out = TL_2_out;
idr_3_out = TL_2_out;
igqr_3_out = TL_2_out;
id2_3_out = TL_2_out;
ig2_3_out = TL_2_out;
vgl_3_out = TL_2_out;
vdl_3_out = TL_2_out;
vgs_3_out = TL_2_out;
vds_3_out = TL_2_out;
Sd1_3_out = TL_2_out;
Sd2_3_out = TL_2_out;
Sd3_3_out = TL_2_out;
TL_1 out = TL_2_ out;
Te_1l_out = TL_1_out;
wm_1l_out = TL_1_out;
theta_m_1_out = TL_1_out;
ids_1_out = TL_1_out;
igs_1 out = TL_1 out;
idr_1_out = TL_1_out;
igr_1_out = TL_1_ out;
id2_1 out = TL_1_out;
ig2_1 out = TL_1_out;
vgql_1_out = TL_1 out;
vdl_1_out = TL_1_out;
vgs_1l_out = TL_1_out;
vds_1_out = TL_1_ out;
S1_out = TL_1_out;
S2_out = TL_1_out;
S3_out = TL_1_out;

theta_e_out = TL_1_out;

% Iterate over transformer turns ratios & auxiliary converter bus voltages
for j=l:numel(Nlist)

% Transformer params: line side = primary (1), aux converter = secondary (2)

N = Nlist(j); % N1/N2

ParametersXF.N = N; % Z' = Z#N~2, but less windings = less impedance
ParametersXF.rl = 0.001; % So actual secondary impedance scales with N2,
ParametersXF.r2 = 0.01«N; % canceling a power of N for this scaling
ParametersXF.L11 = 0.1le—3;

ParametersXF.L12 = 0.5e—3*N;

ParametersXF.LmT = 10e—3;

ParametersXF.vdcR = vdcRlist(j); % Ratio between aux converter bus and main bus

% Calculate inductance matrix inverses in setup
The factor of 3/2 for magnetizing inductance (Lm — M) is assumed included
ParametersXF.L11;
ParametersXF.L12;
LmT = ParametersXF.LmT;
L = [[Lls+L11+Lm+LmT, Lm, LmT];...
[Lm, Llr+Lm, O];...
[LmT, 0, L12+LmT]];
ParametersXF.Linv = inv(L);

o°

-
—
N

Lunon

tic

[t,y] = oded5(@(t,y) ThreeIM_1Converter_CVHz_volt_xf(t,y,ParametersIM,
ParametersXF, ParamSys, ParamController), tspan, x0, options);

toc

Save state
x0_save = y(end,:);
save x0_save x0_save

o° o° o°

% POST-PROCESSING

% PICKING UP THE STATES

% 1ST MOTOR

r-— NN %
lambda_dC_1 = y(:,1); % Flux dC (main converter path) [Wb]
lambda_qC_1 = y(:,2); % Flux qC [Wb]
lambda_dr_1 = y(:,3); % Flux dr (rotor path) [Wb]
lambda_qr_1 = vy(:,4); % Flux qr [Wb]
lambda_d2_1 = y(:,5); % Flux d2 (side converter path) [Wb]
lambda_qg2_1 = y(:,6); % Flux g2 [Wb]
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wr_1 = y(:,7); % Rotor speed (electric) [rad/s]
theta_r_1 = y(:,8); % Rotor position (electric) [rad]
% COMPENSATED VOLTS—PER-HERZ CONTROL

theta_e = y(:,9); % Electrical angular position [rad]

% y_LPF =y(:,10); % Output of the low—pass filter

% 2ND MOTOR

lambda_dC_2 = y(:,11); % Flux dC (main converter path) [Wb]
lambda_qC_2 = y(:,12); % Flux qC [Wb]
lambda_dr_2 = y(:,13); % Flux dr (rotor path) [Wb]
lambda_qr_2 = y(:,14); % Flux qr [Wb]
lambda_d2_2 = y(:,15); % Flux d2 (side converter path) [Wb]
lambda_q2_2 = y(:,16); % Flux g2 [Wb]
wr_2 = y(:,17); % Rotor speed (electric) [rad/s]
theta_r_2 = y(:,18); % Rotor position (electric) [rad]
% 3RD MOTOR

lambda_dC_3 = y(:,19); % Flux dC (main converter path) [Wb]
lambda_qC_3 = y(:,20); % Flux qC [Wb]
lambda_dr-3 = y(:,21); % Flux dr (rotor path) [Wb]
lambda_qr_3 = y(:,22); % Flux gr [Wb]
lambda_d2_3 = y(:,23); % Flux d2 (side converter path) [Wb]
lambda_q2_3 = y(:,24); % Flux g2 [Wb]
wr_3 = y(:,25); % Rotor speed (electric) [rad/s]
theta_r_3 = y(:,26); % Rotor position (electric) [rad]

°

% EXTRACTING OUTPUT STRUCTURES FROM DIFF EQ FUNCTION

[~, IMl_out, IM2_out, IM3_out, Sw_out] = cellfun(@(t,y)

ThreeIM 1Converter_CVHz_volt_xf(t, y, ParametersIM, ﬁé;ametersXF,
ParamSys, ParamController), num2cell(t), num2cell(y,2),'uni',0);

TL_1 = zeros(numel(t),1);

Te_1 = zeros(numel(t),1);

% wa_1l = zeros(numel(t),1);

% theta_a_1 = zeros(numel(t),1);
vqC = zeros(numel(t),1);

vdC = zeros(numel(t),1);

TL_2 = zeros(numel(t),1);

Te_2 = zeros(numel(t),1);

% wa_2 = zeros(numel(t),1);
% theta_a_2 = zeros(numel(t),1);

delv2_vq = zeros(numel(t),1);
delv2_vd zeros(numel(t),1);
delv2_cont = zeros(numel(t),1);

TL_3 = zeros(numel(t),1);

Te_3 = zeros(numel(t),1);

% wa_3 = zeros(numel(t),1);

% theta_a_3 = zeros(numel(t),1);

delv3_vq = zeros(numel(t),1);
delv3_vd zeros (numel(t),1);
delv3_cont = zeros(numel(t),1);

S1 = zeros(numel(t),1);
S2 = zeros(numel(t),1);

S3 zeros(numel(t),1);
Sd1 2 = zeros(numel(t),1);
Sd2_2 = zeros(numel(t),1);

Sd3_2 = zeros(numel(t),1);

_3 = zeros(numel(t),1);
Sd2_3 = zeros(numel(t),1);
= zeros(numel(t),1);

for i=1l:numel(t)

TL 1(i) = IM1 out{i}.TL;

Te_1(i) = IM1_out{i}.Te;
wa_1(i) = IM1_out{i}.wa;
theta_a_1(i) = IMl_out{i}.theta_a;

o° o°
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vqC(i)
vdC (i)

IM1 out{i}.vqC;
IM1_out{i}.vdC;

TL 2(i) = IM2_out{i}.TL;

Te_2(i) = IM2_out{i}.Te;
wa_2(i) = IM2_out{i}.wa;
theta_a_2(i) = IM2_out{i}.theta_a;

o° o°

delv2_vq(i) = IM2_out{i}.delv2_vq;
delv2_vd(i) = IM2_out{i}.delv2_vd;
delv2_cont(i) = IM2_out{i}.delv2_cont;

TL 3(i) = IM3_out{i}.TL;

Te_3(i) = IM3_out{i}.Te;

wa_3(i) = IM2_out{i}.wa;
theta_a_3(i) = IM2_out{i}.theta_a;

o° o°

delv3_vq(i)
delv3_vd(1i)
delv3_cont(i

IM3_out{i}.delv3_vq;
IM3_out{i}.delv3_vd;
= IM3_out{i}.delv3_cont;

S1(i) = Sw_out{i}.S(1);
S2(i) = Sw_out{i}.S(2);
S3(i) = Sw_out{i}.S(3);
Sd1_2(i) = Sw_out{i}.S_d2(1);
Sd2_2(i) = Sw_out{i}.S_d2(2);
Sd3_2(i) = Sw_out{i}.S_d2(3);
Sd1 3(i) = Sw_out{i}.S_d3(1);
Sd2_3(i) = Sw_out{i}.S_d3(2);
Sd3_3(i) = Sw_out{i}.S_d3(3);
end

clear y IM1 out IM2 out IM3_ out Sw_out

Auxiliary Equations for the IMs

9 o° o

Transformation of electrical rotor speed and electrical angular position
to mechanical rotor speed and mechanical angular position

o o°

1st IM

m_1 = wr_1/(ParametersIM.P/2);

heta_m_1 = theta_r_1/(ParametersIM.P/2);
2nd IM

m_2 = wr_2/(ParametersIM.P/2);

heta_m_2 = theta_r_2/(ParametersIM.P/2);
3rd IM

wm_3 = wr_3/(ParametersIM.P/2);
theta_m_3 = theta_r_3/(ParametersIM.P/2);

Rt E Nt °

2
t
r

% Transformation of fluxes to currents — DQ components

Linv = ParametersXF.Linv;

% 1ST MOTOR

[ids_1, igs_1, idr_1, iqr_1, id2_1, iq2_1] = Fluxes2Currents_xf(lambda_dC_1,
lambda_qC_1, lambda_dr_1, lambda_qr_1, lambda_d2_ 1, lambda_g2_1, Linv);

% 2ND MOTOR

[ids_2, iqs_2, idr_2, iqr_2, id2_2, iq2_2] = Fluxes2Currents_xf(lambda_dC_2,
lambda_qC_2, lambda_dr_2, lambda_qr_2, lambda_d2_ 2, lambda_g2_2, Linv);

% 3RD MOTOR

[ids_3, igs_3, idr_3, iqr_3, id2_3, ig2_3] = Fluxes2Currents_xf(lambda_dC_3,
lambda_qC_3, lambda_dr_3, lambda_qr_3, lambda_d2_3, lambda_g2_3, Linv);

Transforming stator and rotor currents from qd reference to abc variables
Disabled to reduce size of saved data — can convert later

% 1lst IM

% [ias_1, ibs_1, ics_1] = qd2abcs(igs_1, ids_1, theta_a_1);

ias_1 = iqgs_1;

[ibs_1, ics_1] = statbc(igs_1, ids_1);

0 0° o 0° o J° P d° O O° o J° o O° o°

% [iar_1, ~, ~] = qd2abcs(iqr_1, idr_1, theta_a_l—theta r_1);
% [ia2_1, ib2_1, ic2_1] = qd2abcs(ig2_1, id2_1, theta_a_1);
ia2_1 = ig2_1;

[ib2_1, ic2_1] = statbc(ig2_1, id2_1);

% 2nd IM

% [ias_2, ibs_2, ics_2] = qd2abcs(igs_2, ids_2, theta_a_2);
ias_2 = iqs_2;

[ibs_2, ics_2] = statbc(igs_2, ids_2);

% [iar_2, ~, ~] = qd2abcs(iqr_2, idr_2, theta_a_2—theta_r_2);
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% [ia2_2, ib2_2, ic2_ 2] = qd2abcs(ig2_2, id2_2, theta_a_2);
ia2 2 = iq2_2;
[ib2_2, ic2_2] = statbc(iq2_2, id2_2);

Transforming stator voltages from qd reference to abc variables

Main converter

[vaC, vbC, vcC] = gd2abcs(vqC, vdC, theta_a_1);
aC = vqC;

[vbC, vcC] = statbc(vqC, vdC);
% Voltage drop converter
% [delv2_va, delv2_vb, delv2_vc] = qd2abcs(delv2_vqg, delv2_vd, theta_a_2);
delv2_va = delv2_vq;

[delv2_vb, delv2_vc] = statbc(delv2_vq, delv2_vd);

o o° o°

<

% Voltage reaching motors: Need to calculate based on currents. v=Ldi/dt
% lst IM

Dids_1 = [0; diff(ids_1)/deltat];
Digs_1 = [0; diff(igs_1)/deltat];
Did2_1 = [0; diff(id2_1)/deltat];

Dig2_1 [0; diff(ig2_1)/deltat];

% lambda_d1_1
% lambda_ql 1

(L11 + LmT)*ids_1 + LmT*id2_1;
(L11 + LmT)*igs_1 + LmTxig2_1;

% vdl_1 = ParametersXF.rlxids_1 + L11xDids_1 + LmT#(Dids_1+Did2_1) — wa_1l.x*xlambda_ql_1;

vdl_1 = ParametersXF.rlxids_1 + L11xDids_1 + LmTx(Dids_1+4Did2_1);

vds_1 = vdC — vd1_1;

% vgql_ 1 = ParametersXF.rlxigqs_1 + L11xDigs_1 + LmTx(Digqs_1+Dig2 1) + wa_l.xlambda_d1l 1;
vgql_1 = ParametersXF.rlxiqs_1 + L11xDigs_1 + LmT*(Digs_1+Diq2_1);

vgs_-1 = vqC — vql_1;

% [val_ 1, vbl 1, vcl 1] = qd2abcs(vgl -1, vdl_ 1, theta_a_1);
val 1l = vql_1;
[vbl_ 1, vcl 1] = statbc(vql_ 1, vdl_1);

vas_1 = vqgs_1;
[vbs_1, vcs_1] = statbc(vgs_1, vds_1);

% 2nd IM

Dids_2 = [0; diff(ids_2)/deltat];
Digs_2 = [0; diff(igs_2)/deltat];
Did2_2 = [0; diff(id2_2)/deltat];

Dig2_2 [0; diff(ig2_2)/deltat];

% lambda_dl1.2 = (L11 + LmT)*ids_2 + LmT=*id2_2;
% lambda_ql 2 = (L11 + LmT)*igs_2 + LmTxiq2_2;

% vdl_2 = ParametersXF.rlxids_2 + L11xDids_2 + LmTx(Dids_2+Did2_2) — wa_2.x*xlambda_ql_2;

vdl_2 = ParametersXF.rlxids_2 + L11%Dids_2 + LmT*(Dids_2+Did2_2);

vds_2 = vdC — vdl_2;

% vql_2 = ParametersXF.rlxiqs_2 + L11xDiqs_2 + LmTx*(Digqs_2+Digq2_2) + wa_2.x*lambda_dl_2;
vgql_2 = ParametersXF.rlxiqs_2 + L11xDigs_2 + LmT*(Digs_2+Diq2_2);

vQgs_2 vqC — vql_2;

% % [val 2, vbl 2, vcl 2] = gd2abcs(vql_2, vdl 2, theta_a_2);
% val 2 = vql_2;

% [vbl 2, vcl 2] = statbc(vql 2, vdl 2);

% % [vas_2, vbs_2, vcs_ 2] = gd2abcs(vgs_2, vds_ 2, theta_a_ 2);
% vas_2 = vQqs_2;

% [vbs_2, vcs_2] = statbc(vgs_2, vds_2);

% 3rd IM

Dids_3 = [0; diff(ids_3)/deltat];
Digs_3 = [0; diff(igs_3)/deltat];
Did2_3 = [0; diff(id2_3)/deltat];

Dig2_3 [0; diff(ig2_3)/deltat];

vdl_3 = ParametersXF.rlxids_3 + L11%Dids_3 + LmT*(Dids_3+Did2_3);
vds_3 = vdC — vd1l_3;
vgql_3 = ParametersXF.rlxiqs_3 + L11xDigs_3 + LmT*(Digs_3+Diq2_3);
vgs_3 = vqC — vql_3;

% Clear variables not saved

clear lambda_dC_1 lambda_qC_1 lambda_dr_1 lambda_qr_1 lambda_d2_1 ...
lambda_qg2_1 lambda_dC_2 lambda_qC_2 lambda_dr_2 lambda_qr_2 ...
lambda_d2_2 lambda_q2_2 lambda_dC_3 lambda_qC_3 lambda_dr_3 ...
lambda_qr_3 lambda_d2_3 lambda_q2_3 theta_r_1 theta_r_2 theta_r_3 ...
wr_1l wr_2 wr_3 Dids_1 Digs_1 Did2_1 Diq2_1 Dids_2 Diqs_2 Did2_2 ...
Dig2_2 Dids_3 Diqgs_3 Did2_3 Dig2_3

% Save variables before next loop (motor 2, different xfmr params)

62



TL 2 out(:,j) = TL_ ,

Te 2 out(:,j) = Te_2;

delv2_vd_ out( ,j) = delv2_vd;
delv2_vg_out(:,j) = delv2_vq;
delv2_cont_out(:,j) = delv2_cont;
wm_2_out(:,j) = wm_2;
theta_m_2_out(:,j) = theta_m_2;
ids_2_out(:,j) = ids_2;
igs_2_out(:,j) = iqgs_2;
idr_2_out(:,j) = idr_2;
iqr_2_out(:,j) = iqr_2;
id2_2_out(:,j) = id2_2;

ig2_2 out(:,j) = iq2_2;
vgql_2_out(:,j) = vql_2;

vdl_ 2_out(:,j) = vdl_2;
vgs_2_out(:,j) = vgs_2;
vds_2_out(:,j) = vds_2;
Sd1_2_out(:,j) = Sd1.2;

Sd2_2 out(:,j) = Sd2_2;
Sd3_2_out(:,j) = Sd3_2;

% Save variables before next loop (motor 3, different xfmr params)
TL 3 out(:,j) = TL_3;

Te 3 out(:,j) = Te_3;

delv3_vd_out(:,j) = delv3_vd;

delv3_vg_out(:,j) = delv3_vq;

delv3_cont_out(:,j) = delv3_cont;

wm_3_out(:,j) = wm_3;

theta_m_3_out(:,j) = theta_m_3;
ids_3_out(:,j) = ids_3;
igs_3_out(:,j) = iqs_3;
idr_3_out(:,j) = idr_3;
iqr_3_out(:,j) = iqr_3;
id2_3_out(:,j) = id2_3;
ig2_3_out(:,j) = iq2_3;
vgl_3_out(:,j) = vql_3;
vdl_3_out(:,j) = vdl_3;
vgs_3_out(:,j) = vgs_3;
vds_3_out(:,j) = vds_3;
Sd1_3_out(:,j) = Sd1_3;
Sd2_3_out(:,j) = Sd2_3;
Sd3_3_out(:,j) = Sd3_3;
% Save variables before next loop (motor 1, different xfmr params)
TL. 1 out(:,j) = TL_1;
Te_1 out(:,j) = Te_1;
wm_1 out(:,j) = wm_1;
theta_m_1_ out( ,j) = theta_m_1;
ids_1 out(:,j) = ids_1;
igs_1 out(:,j) = igs_1;
idr_1 out(:,j) = idr_1;
igr_1_out(:,j) = iqr_1;
id2_1 out(:,j) = id2_1;
ig2_1 out(:,j) = igq2_1;
vgl_1 out(:,j) = vql_1;
vdl_ 1 out(:,j) = vdl_1;
vgs_1 out(:,j) = vgs_1;
vds_1_out(:,j) = vds_1;
S1 out(:,j) = S1;
S2_out(:,j) = S2;
S3_out(:,j) = S3;

theta_e_out(:,j) = theta_e;
end

% Clear redundant variables left over

clear delv2_cont delv2_vd delv2_vq delv3_cont delv3_vd delv3_vq i id2_1 ...

id2_2 id2_3 idr_1 idr_2 idr_3 ids_1 ids_2 ids_3 ig2_1 igq2_2 ig2_3 ...
iqr_1 iqr_2 iqr_3 igs_1 igs_2 igs_3 j k N num_states S1 S2 S3 ...

Sd1_2 Sd2_2 Sd3_2 Sd1.3 Sd2_3 Sd3_3 t_end t_ini tspan Te_1l Te_2 Te_3 ...

theta_m_1 theta_m_2 theta_m_3 TL.1 TL_2 TL_3 vd1_.1 vdl1 2 vdl.3 ...
vdC vds_1 vds_2 vds_3 vgql_1 vgql_2 vgl 3 vqC vgs_1 vgs_2 vgs_3 ...
wm_1l wm_2 wm_3 x0 deltat theta_e

function [y, IM1, IM2, IM3, Sw] = ThreeIM_lConverter_CVHz_volt_xf(t, u,
ParametersIM, ParametersXF, ParamSys, ParamController)

STATES

0° 4° 0° 4°

1ST MOTOR
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lambda_dC_1 = u(l); % Flux dC (ds + dl1) [Wb]
lambda_qC_1 = u(2); % Flux qC (gs + ql) [Wb]
lambda_dr_1 = u(3); % Flux dr [Wb]
lambda_qr_1 = u(4); % Flux qr [Wb]
lambda_d2_1 = u(5); % Flux d2 (xfmr side converter) [Wb]
lambda_g2_1 = u(6); % Flux @2 [Wb]
wr_1 = u(7); % Rotor speed (electric) [rad/s]
theta_r_.1 = u(8); % Rotor position (electric) [rad]
% COMPENSATED VOLTS—PER—HERZ CONTROL

theta_e = u(9); % Electrical angular position [rad]

y_LPF = u(l0); % Output of the low-pass filter

% 2ND MOTOR

lambda_dC_2 = u(1l); % Flux dC (ds + dl) [Wb]
lambda_qC_2 = u(12); % Flux qC (gs + ql) [Wb]
lambda_dr_2 = u(13); % Flux dr [Wb]
lambda_qr_2 = u(14); % Flux qr [Wb]
lambda_d2_2 = u(15); % Flux d2 (xfmr side converter) [Wb]
lambda_g2_2 = u(16); % Flux @2 [Wb]
wr_2 = u(17); 9% Rotor speed (electric) [rad/s]
theta_r_2 = u(18); % Rotor position (electric) [rad]
% 3RD MOTOR

lambda_dC_3 = u(19); % Flux dC (ds + dl1) [Wb]
lambda_qC_3 = u(20); % Flux qC (gs + ql) [Wb]
lambda_dr_3 = u(21); % Flux dr [Wb]
lambda_qr_3 = u(22); % Flux qr [Wb]
lambda_d2_3 = u(23); % Flux d2 (xfmr side converter) [Wb]
lambda_q2_3 = u(24); % Flux @2 [Wb]
wr_3 = u(25); % Rotor speed (electric) [rad/s]
theta_r_3 = u(26); % Rotor position (electric) [rad]
% CONTROLLER

s
n = ParamController.order;
o

s Automatic state-building of the controller, based on its order

xk2 = u(27:27+n—1);

xk2 = reshape(xk2,n,1);

xk3 = u(27+n:27+2%n—1);

xk3 = reshape(xk3,n,1);

% GET SYSPARAMS

o
S

vswM = ParamSys.vswM;
vdM = ParamSys.vdM;
vswD = ParamSys.vswD;
vdD = ParamSys.vdD;

TL1_delta = ParamSys.TL1l variation;
time_delta_TL1 = ParamSys.time_variation_TL1;

TL2_delta = ParamSys.TL2 variation;
time_delta_TL2 = ParamSys.time_variation_TL2;

TL3_delta = ParamSys.TL3_variation;
time_delta_TL3 = ParamSys.time_variation_ TL3;

if t > time_delta_TL1

TL_1 = (1+TL1_delta)*ParametersIM.Tnom;
else

% TL_1 = ParametersIM.Tnom;

TL.1 = 0;
end

if t > time_delta_TL2

TL_2 = (1+TL2_delta)*ParametersIM.Tnom;
else
% TL_2

L ParametersIM.Tnom;
TL_2

0;
end
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if t > time_delta_TL3

TL_3 = (1+TL3_delta)*ParametersIM.Tnom;
else
= ParametersIM.Tnom;
0;

Arbitrary Reference Frame (unused)

Stator reference

1st IM
wa_l = 0;
theta_a_1 = 0;

% o° o g° o 4° o° 4°
©

2nd IM
wa_2 = 0;
theta_a_2 = 0;

9 o° o° o°

Auxiliary Equations for the IMs

o° d° o° o°

Transformation of fluxes to currents — DQ components

Linv = ParametersXF.Linv;

% 1ST MOTOR

[ids_1, iqs_-1, idr_1, iqr_1, id2_1, ig2_1] = Fluxes2Currents_xf(lambda_dC_1,
lambda_qC_1, lambda_dr_1, lambda_qr_1, lambda_d2_ 1, lambda_g2_1, Linv);

% 2ND MOTOR

[ids_2, igs_2, idr_2, iqr_2, id2_2, ig2_2] = Fluxes2Currents_xf(lambda_dC_2,
lambda_qC_2, lambda_dr_2, lambda_qr_2, lambda_d2_2, lambda_g2_2, Linv);

% 3RD MOTOR

[ids_3, igs_3, idr_3, iqr_3, id2_3, ig2_3] = Fluxes2Currents_xf(lambda_dC_3,

lambda_qC_3, lambda_dr_3, lambda_qr_3, lambda_d2_3, lambda_g2_3, Linv);

% Electromagnetic and Load Torques

% Need to use rotor flux & current since stator flux isn't calculated
% 1ST MOTOR

Te_1 = 3/4xParametersIM.Px(lambda_qr_1.*idr_1 — lambda_dr_1.xiqr_1);
% 2ND MOTOR

Te_2 = 3/4xParametersIM.Px(lambda_qr_2.xidr_2 — lambda_dr_2.xiqr_2);
% 3RD MOTOR

Te_3 = 3/4xParametersIM.Px(lambda_qr_3.*idr_3 — lambda_dr_3.x*iqr_3);

% Transformation of electrical rotor speed and electrical angular position
% to mechanical rotor speed and mechanical angular position
% 1st IM

% wm_1l = wr_1/(ParametersIM.P/2);

theta_m_1 = theta_r_1/(ParametersIM.P/2);

wm_2 = wr_2/(ParametersIM.P/2);
theta_m_2 = theta_r_2/(ParametersIM.P/2);

% wm_2 = wr_2/(ParametersIM.P/2);
theta_m_3 = theta_r_3/(ParametersIM.P/2);

Transforming stator and rotor currents from qd reference to abc variables
Replaced with stationary assumption for efficiency

1st IM

[ias_1, ibs_1, ics_1] = qd2abcs(igs_1, ids_1, theta_a_1);
ibs 1, ics_1] = statbc(igs_1, ids_1);

2nd IM
%[ias_2, ibs_2, ics_2] = qd2abcs(iqs_2, ids_2, theta_a_2);
[ibs_2, ics_2] = statbc(igs_2, ids_2);
% 3rd IM
%[ias_3, ibs_3, ics_3] = qd2abcs(iqs_3, ids_3, theta_a_3);
[ibs_3, ics_3] = statbc(igs_3, ids_3);

% o o° o o°

1st XFMR

[1a2 1, ib2_1, ic2_1] = qd2abcs(ig2_1, id2_1, theta_a_1);
ib2_ ic2_1] = statbc(ig2_1, id2_1);

2nd XFMR

[1a2 2, ib2_2, ic2_2] = qd2abcs(iq2_2, id2_2, theta_a_2);
ib2_ ic2 2] = statbc(ig2_2, id2_2);

3rd XFMR

[ia2_3, ib2_3, ic2_3] = qd2abcs(ig2_3, id2_3, theta_a_3);
ib2 3, ic2_3] = statbc(iq2_3, id2_3);

— a\“ o\° — a\° o\° —_ n\“ o°

% Rotor Voltages (squirrel cage) — DQ components
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% Transformer secondary voltages are defined in position sync section

6 ]

©
o

Low—Pass Filter Definitions/Equations

The signal x_corr = 3*%Px(vqs_e_starxiqs_e — 2xrsxIs~2)/Ktv (Eq. 14.2—16
from Krause) is filtered using a low—pass filter (LPF), accordingly to
Krause's suggestion. In order to implement this filtering process, a new
state, y, was created, from the diff. equation of a LPF:

dy/dt = (x—y)/tau,

where x is the filter input and y is the filter output, while tau is the
filter time constant.

The LPF output is the signal X_corr, used in the Volts—per—Hertz
compensated control section down below.

The input of the filter is set in the Volts—per—Hertz compensated control
section down below, since, as seen above, it depends on vqs_e_star, which
in turn is defined by the Volts—per—Herz compensated control equations.

)
©

0° 9° 0° o° o P o o o O° O° O° o° O° o° o° o°

Time constant of the filter
tau_LPF = 0.1;

% Output of the LPF filter
X_corr = y_LPF;

Compensated Volts—per—Herz Control

a° o° o

% Transforming from igqds_s to iqds_e
[igs_e_1, ids_e_1] = qd2qd(iqs_1, ids_1, theta_e);

% Rated voltage (line to neutral rms) and rated radian frequency
Vb = ParametersIM.Vs/sqrt(3);
wb = ParametersIM.f*2x*pi;

% Commanded mechanical speed
wrm_star = DesiredSpeed(t);

% Mechanical commanded speed to electrical commanded speed
wr_star = wrm_starxParametersIM.P/2;

Eq 14.2—7 (Krause)

Equation from Krause was wrong (commented version). The right one, after
checking 2 times, with 2 different approachs, is the one used here!
num_Ktv = 3*ParametersIM.P/2+ParametersIM.Lm"2*ParametersIM. rrxVb"2;
den_Ktv = ParametersIM.rrx2x(ParametersIM.rs”2+wb”2*ParametersIM.Ls"2);
num_Ktv = 3*ParametersIM.PxParametersIM.Lm™2xVb"2;

den_Ktv = ParametersIM.rrx2x(ParametersIM.rs”2+wb”2*ParametersIM.Ls"2);
Ktv = num_Ktv/den_Ktv;

0° o° o° o° of

% Eq. 14.2—12 (Krause)
Is = sqrt(igs_e_1"2 + ids_e_172)/sqrt(2);

% Eq. 14.2—14 (Krause)
we = (wr_star + sqrt(max([0 wr_star~2+X_corr])))/2;

% Eq 14.2—4 (Krause)
Vs = (wr_star ~= 0)xVbxsqrt((ParametersIM.rs”2+we”2*ParametersIM.Ls"2)/(ParametersIM.rs”2+wb”2*xParametersIM.Ls"2));

% Saturation on Vs
Vs = min(Vb,Vs);

% Placing the voltage arbitrarily in the q axis
vgs_e_star = Vsx*xsqrt(2);
vds_e_star = 0;

% Eq 14.2—16 (Krause)
x_corr = 3xParametersIM.Px(vqs_e_starxiqs_e_1 — 2+ParametersIM.rsxIs"2)/Ktv;

% Input of the LPF filter
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U_LPF = x_corr;

Transforming vds_e_star and vqs_e_star to vabcs
[vas_star, vbs_star, vcs_star] = gd2abcs(vqs_e_star,vds_e_star,theta_e);

o° o°

% Converter (voltage control)

f_sw = 3e3; % inverter switching frequency

vdc = ParametersIM.Vsx*sqrt(2); % vdc got by a 3—phase full-bridge rectifier
[S,~,~,~,~] = my3HarmonicSineTri_v2(t, theta_e, vgs_e_star, vds_e_star, vdc, f_sw);
% IM = [(ias_1+ias_2) (ibs_1+ibs_2) (ics_1+ics_2)];

IM = [(igs_1+iqgs_2+iqs_3) (ibs_l+ibs_2+ibs_3) (ics_l+ics_2+ics_3)];

[vaC_1, vbC_1, vcC_1] = my3PhaseConverterVoltLoss(S, vdc, vswM, vdM, IM);

% Ideal voltage source

% vas_1 = vas_star;

% vbs_1 = vbs_star;

% vcs_1 = vcs_star;

% Transforming vabcs to vds and vqgs

% Replaced with stationary assumption for efficiency

% [vqC_1, vdC_1] = abcs2qd(vaC_1, vbC_1, vcC_1, theta_a_1l);

[vgC_1, vdC_1] = statqd(vaC_1, vbC_1, vcC_1);

% VOLTAGE ADJUSTMENT CONTROL
% INDUCTION MOTOR 2

% CONTROLLER EQUATIONS

% Controller input vector uk

% For now, only the position error

Ak = ParamController.Ak;
Bk = ParamController.Bk;
Ck = ParamController.Ck;
Dk = ParamController.Dk;

uk2(1) = theta_m_1 — theta_m_2;

xk2_dot = Akxxk2 + Bkxuk2;
yk2 = Ckxxk2 + Dkxuk2;

uk3(1) = theta_m_1 — theta_m_3;

xk3_dot = Akxxk3 + Bkxuk3;
yk3 = Ckxxk3 + Dkxuk3;

Controller output vector yk

For now, only motor 2/3 voltage adjustment

delv2_cont: continuous variable voltage drop, ideal target
For PI controller, yk is in units of V/rad

o° o° o° of

delv2_cont = yk2(1);

delv2_cont = max(delv2_cont,0);

delv2_cont = min(delv2_cont,ParamController.delv_max);
delv3_cont = yk3(1);

delv3_cont = max(delv3_cont,0);

delv3_cont = min(delv3_cont,ParamController.delv_max);

% Calculate voltage drops for motor 1 using dummy converter for symmetry
S_d2 = [false false false true true truel;
D =

% I [ia2_1, ib2_1, ic2_1];

D [ig2_1, ib2_1, ic2_1];

[vad, vbd, vcd] = my3PhaseConverterVoltLoss(S_d2, 0, vswD, vdD, ID);
% Transforming vabcs to vds and vqgs

% Replaced with stationary assumption for efficiency

% [vqd, vdd] = abcs2qd(vad, vbd, vcd, theta_a_1);

[vgqd_1, vdd_1] = statqd(vad, vbd, vcd);

% Refer variable

vg2_1 = (vqd_lxParametersXF.N);
vd2_1 = (vdd_1xParametersXF.N);
if t > ParamController.tstart
% Controlable voltage drop via sine—triangle PWM, assuming synchronization
d = 4.987654321e3;
c_d = vdc * ParametersXF.vdcR;

0

\

% Motor
_e =

2
vqd delv2_cont / ParametersXF.N;
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vdd_e = 0;
[S.d2,~,~,~,~] = my3HarmonicSineTri v2(t, theta_e, vqd_e, vdd_e, vdc_d, f_d);
% ID = [ia2_2, ib2_2, ic2_2];

ID = [ig2_2, ib2 2, ic2 2];

[vad, vbd, vcd] = my3PhaseConverterVoltLoss(S_d2, vdc_d, vswD, vdD, ID);
eplaced with stationary assumption for efficiency

vqd, vdd] = abcs2qd(vad, vbd, vcd, theta_a_2);

vqd_2, vdd_2] = statqd(vad, vbd, vcd);

— o o° o°

Transforming vabcs to vds and vqgs
q

(vgd_2xParametersXF.N);

R
[
% R
2
2 (vdd_2xParametersXF.N);

efer variable
vg2_2 =
vd2_2 =

% Motor 3
vqd_e = delv3_cont / ParametersXF.N;
vdd_e 0;
[S d3

voan

et iat et = my3HarmonicSineTri_v2(t, theta_e, vqd_e, vdd_e, vdc_d, f_d);
= [ia2_3, ib2_3, ic2 3];

[ig92_3, 1b2_3, ic2_3];

[vad vbd, vcd] = my3PhaseConverterVoltLoss(S_d3, vdc_d, vswD, vdD, ID);

% Transforming vabcs to vds and vgs

% Replaced with stationary assumption for efficiency
% [vaqd, vdd] = abcs2qd(vad, vbd, vcd, theta_a_2);
[vgqd_3, vdd_3] = statqd(vad, vbd, vcd);

% Refer variable
vg2_3 = (vqd_3*ParametersXF.N);
vd2_3 = (vdd_3*ParametersXF.N);

else
% Voltage drop is only active when torques are different
% Since motors are identical in this state, use same voltages
S_d3 = S_d2;
vqd_2 = vqd_1;
vdd_2 = vdd_1;
vqd_3 = vqd_1;
vdd_3 = vdd_1;
vg2_2 = vqg2_1;
vd2_2 = vd2_1;
vg2_3 = vq2_1;
vd2_3 = vd2_1;
end
% OUTPUT STRUCTURES
% Switching states
Sw.S = S;
Sw.S_d2 = S_d2;
Sw.S_d3 = S_d3;
% 1lst motor
IM1.TL = TL_1;
IM1.Te = Te_1;
IM1.vqC = vqC_1;
IM1.vdC = vdC_1;

IMl.we = we;

% IMl.wa = wa_1;
IM1l.theta_e = theta_e;

% IM1.theta_a = theta_a_1;

IM1.delvl_vq = vqd_1;
IM1.delvl_ v = vdd_1;

% 2nd motor

IM2.TL = TL_2;

IM2.Te = Te_2;

% IM2.wa = wa_2;

% IM2.theta_a = theta_a_2;
IM2.delv2_vq = vqd_2;
IM2.delv2_vd vdd_2;

IM2.delv2_cont = delv2_cont;

% 3rd motor

IM3.TL = TL_3;

IM3.Te = Te_3

% IM3.wa = wa_3;

% IM3. theta a = theta_a_3;
IM3.delv3_vq = vqd_3;
IM3.delv3_vd = vdd_3;
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IM3.del

v3_cont = delv3_cont;

DIFF. STATES EQUATIONS

s Extracting parameters here, assuming identical motors

rs = ParametersIM.rs;

rr = ParametersIM.rr;

rl = ParametersXF.rl;

r2 = ParametersXF.r2;

J = ParametersIM.J;

P = ParametersIM.P;

b = ParametersIM.b;

% Equations used are altered to assume stationary ref. frame for efficiency
% 1ST MOTOR

% y(1) = vdC_1 — (rs+rl)*ids_1 + wa_1 * lambda_qC_1; % lambda_dC_1
% y(2) = vqC_1 (rs+rl)*iqgs_1 wa_1l * lambda_dC_1; % lambda_qC_1
% y(3) = vdr_1 — rrxidr_1 + (wa_l—wr_1)x+lambda_qr_1; % lambda_dr_1
% y(4) = vgqr_1 — rr*iqr_1 — (wa_l-wr_1)*lambda_dr_1; % lambda_qr_1
% y(5) = vd2_1 — r2*id2_1 + wa_1 * lambda_qg2_1; % lambda_d2_1
% y(6) = vg2_1 — r2xig2_.1 — wa_1 * lambda_d2_1; % lambda_q2_1
y(1) = vdC_1 — (rs+rl)*ids_1; % lambda_dC_1

y(2) = vqC_1 — (rs+rl)xiqs_1; % lambda_qC_1

y(3) = vdr_1 — rr*xidr_1 — wr_1xlambda_qr_1; % lambda_dr_1

y(4) = vqr_-1 — rrxiqr_1 + wr_lxlambda_dr_1; % lambda_qr_1

y(5) = vd2_1 — r2xid2_1; % lambda_d2_1

y(6) = vg2_1 — r2*xiq2_1; % lambda_q2_1

y(7) = (1/3)*((Te_1-TL_1)*P/2 — b*wr_1); % wr_1l

y(8) = wr_1; % theta_r_1

% COMPENSATED VOLTS—PER-HERTZ CONTROL

y(9) = we; % Electrical angular position

y(10) = (u_LPF — y_LPF)/tau_LPF; % Output of the low—pass filter

% 2ND MOTOR
T %
% y(11) = vdC_1 — (rs+rl)*ids_2 + wa_2 * lambda_qC_2; % lambda_dC_2
% y(12) = vqC_1 — (rs+rl)*iqs_2 — wa_2 * lambda_dC_2; % lambda_qC_2
% y(13) = vdr_2 — rrxidr_2 + (wa_2-wr_2)xlambda_qr_2; % lambda_dr_2
% y(14) = vqr_2 — rrxiqr_2 — (wa_2—wr_2)xlambda_dr_2; % lambda_qr_2
% y(15) = vd2_2 — r2*id2_2 + wa_2 * lambda_q2_2; % lambda_d2_2
% y(16) = vg2_2 — r2xiq2_2 — wa_2 * lambda_d2_2; % lambda_q2_2
y(11) = vdC_1 — (rs+rl)x*ids_2; % lambda_dC_2

y(12) = vqC_1 — (rs+rl)x*iqs_2; % lambda_qC_2

y(13) = vdr_2 — rr*idr_2 — wr_2xlambda_qr_2; % lambda_dr_2

y(14) = vqr_2 — rrxiqr_2 + wr_2xlambda_dr_2; % lambda_qr_2

y(15) = vd2_2 — r2xid2_2; % lambda_d2_2

y(16) = vg2_2 — r2xiq2_2; % lambda_q2_2

y(17) = (1/3)*((Te_2—TL_2)*P/2 — b*wr_2); % wr_2

y(18) = wr_2; % theta_r_2

% 3RD MOTOR

y(19) = vdC_1 — (rs+rl)x*ids_3; % lambda_dC_3

y(20) = vgqC_1 — (rs+rl)x*iqs_3; % lambda_qC_3

y(21) = vdr_3 — rrxidr_3 — wr_3xlambda_qr_3; % lambda_dr_3

y(22) = vqr_3 — rrxiqr_3 + wr_3xlambda_dr_3; % lambda_qr_3

y(23) = vd2_3 — r2xid2_3; % lambda_d2_3

y(24) = vg2_3 — r2xiq2_3; % lambda_q2_3

y(25) = (1/3)*((Te_3—TL_3)*P/2 — bxwr_3); % wr_3

y(26) = wr_3; % theta_r_3

% CONTROLLER

% Automatic state—building diff. equations of the controller, based on its order
y(27:27+n—1) = xk2_dot;

y(27+n:27+2xn—1) = xk3_dot;
T %
y=y';

end
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©.00000.0.00000000000000000000000000000000000000000000000000000000000000000000
696 %6°6 %6666 %66 %66 %66 %66 %6 %6 %6 %6 %66 %6 %6 %66 %66 %6 %6 %66 %6666 %6 %6 %6 % %6 % %6 % %6 %6 %6 %6 %6 % %66 %66 %66 %66 %66 %66 %66 %66 %6 %6 %6 %6 6% 6% %
% Multirun_3IM_IFOC_res.m

% Runs 3—motor simulation of resistor sync method using IDFOC control

06%6% % 5%6°6°6%6% %6 56667676 66666766 666666 666666666666 666666 6666666666666 666666666666 6 666
clear

close all

clc

% load k_hinf

% [Ak,Bk,Ck,Dk] = ssdata(k_hinf);

Kp = —30; % 1/rad

Ki = —60; % 1/(radxs)

[Ak,Bk,Ck,Dk] = ssdata(tf([Kp Ki],[1 0]));

% Code currently only supports 3 identical motors
ParametersIM = ReturnParametersIM_15hp;

rs = ParametersIM.rs;
rr = ParametersIM.rr;
Lls ParametersIM.Lls;

Llr = ParametersIM.Llr;

Lm ParametersIM.Lm;

Ls ParametersIM.Ls;

Lr ParametersIM.Lr;
sigma 1 — Lm™2/(Lsx*Lr)
tau_s Ls/rs;

tau_r Lr/rr;

sigma_s = tau_sx*sigma;

0° o° o° o° o° o° o°

sigma_r = tau_rxsigma;
mu_s = 1/sigma_s;
mu_r = 1/sigma_r;

Incorporating mu_s inside the param structure
ParametersIM.mu_s = mu_s;

o° of

ParamController.h = 0.1; % Hysteresis band

ParamController.Ak = Ak;
ParamController.Bk = Bk;
ParamController.Ck = Ck;
ParamController.Dk = Dk;

ParamController.order = length(Ak);

% ParamController.rext_max = ParametersIM_2.rsx100;
ParamController.rext_max = 1.5;

% Parameters for switching losses

ParamSys.vswM = 0; Main converter switch voltage
ParamSys.vdM = 0; Main converter diode voltage
ParamSys.vswR = 0; Resistor board switch voltage
ParamSys.vdR = 0; Resistor board diode voltage

o° o° of of

TL1 variation = 0; % Variation in load torque in pu
TL2_variation = —0.2;
TL3_variation = —0.3;

time_variation_TL1
time_variation_TL2

2;
2;
time_variation_TL3 2;

ParamSys.TL1 variation
ParamSys.TL2_variation TL2_variation;
ParamSys.TL3_variation TL3_variation;
ParamSys.time_variation_TL1 = time_variation_TL1;
ParamSys.time variation TL2 = time_variation_TL2;
ParamSys.time_variation_TL3 = time_variation_TL3;

TL1_variation;

num_states = 20 + 2xParamController.order;

x0 = zeros(1l,num_states); % Initial conditions for state variables
% load x0_save

% X0 = x0_save;

0;
6;

~+
[0]
>
a -
nn

deltat = 10e—6;

tspan = t_ini:deltat:t_end;

options = odeset('MaxStep', deltat, 'RelTol',le—5, 'AbsTol', le—6);
% options = odeset();
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tic

[t,y] = oded45(@(t,y) ThreeIM_1Converter_IFOC_res(t,y,ParametersIM,
ParamSys, ParamController), tspan, x0, options);

toc

Save state
x0_save = y(end,:);
save x0_save x0_save

o° o° o°

r--—ooo %
% POST—PROCESSING

% PICKING UP THE STATES

% 1ST MOTOR

lambda_ds_1 = y(:,1); % Flux ds [Wb]
lambda_gqs_1 = y(:,2); % Flux gs [Wb]
lambda_dr-1 = y(:,3); % Flux dr [Wb]
lambda_qr_1 = y(:,4); % Flux qr [wb]
wr_1 = y(:,5); % Rotor speed (electric) [rad/s]
theta_r_1 = y(:,6); % Rotor position (electric) [rad]
% INDIRECT FIELD ORIENTED CONTROL (1ST MOTOR)

R_theta_e = y(:,7); % Rotor flux angular position (electric) [rad]

% I_Action_CL_w_1 = y(:,8); % Integral action of the closed loop control of
% 2ND MOTOR

lambda_ds_2 = y(:,9); % Flux ds [Wb]
lambda_qgs_-2 = y(:,10); % Flux gs [Wb]
lambda_dr_2 = y(:,11); % Flux dr [Wb]
lambda_qr-2 = y(:,12); % Flux qr [Wb]
wr_2 = y(:,13); % Rotor speed (electric) [rad/s]
theta_r_2 = y(:,14); % Rotor position (electric) [rad]
% 3RD MOTOR

rn-—m %
lambda_ds_3 = y(:,15); % Flux ds [Wb]
lambda_qs-3 = y(:,16); % Flux gs [Wb]
lambda_dr_3 = y(:,17); % Flux dr [Wb]
lambda_qr-3 = y(:,18); % Flux qr [Wb]
wr_3 = y(:,19); % Rotor speed (electric) [rad/s]
theta_r_3 = y(:,20); % Rotor position (electric) [rad]

©

% EXTRACTING OUTPUT STRUCTURES FROM DIFF EQ FUNCTION

[~, IM1_out, IM2 out, IM3_out, Sw_out] = cellfun(@(t,y)
ThreeIM_1Converter_IFOC_res(t, y, ParametersIM, ParamSys,
ParamController), num2cell(t), num2cell(y,2),'uni',0);

R_vgsC = zeros(numel(t),1);
R_vdsC = zeros(numel(t),1);
R.TL_1 = zeros(numel(t),1);
R_Te_1 = zeros(numel(t),1);

theta_a_1 = zeros(numel(t),1);
R_vgs_1 = zeros(numel(t),1);
R_vds_1 = zeros(numel(t),1);

R_TL_2 zeros(numel(t),1);
R_Te 2 = zeros(numel(t),1);
theta_a_2 = zeros(numel(t),1);

R_vgs_2 zeros (numel(t),1);
R_vds_2 zeros (numel(t),1);
rext2_pwm = zeros(numel(t),1);
rext2_cont = zeros(numel(t),1);

R_TL_3 zeros(numel(t),1);
R.Te_3 zeros (numel(t),1);
theta_a_3 = zeros(numel(t),1);

R_vgs_3 zeros (numel(t),1);
R_vds_3 zeros (numel(t),1);
rext3_pwm = zeros(numel(t),1);
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rext3_cont = zeros(numel(t),1);

R_S1 = zeros(numel(t),1);
R_S2 = zeros(numel(t),1);
R_S3 = zeros(numel(t),1);

for i=l:numel(t)

R_vgsC(i) = IM1 out{i}.vqsC;
R_vdsC(i) = IM1 out{i}.vdsC;
R.TL_1(i) = IM1 out{i}.TL;
R.Te_1(i) = IMl_out{i}.Te;

% theta_a_1(i) = IM1_out{i}.theta_a;

R_vgs_1(i) = IM1l_out{i}.vgs;
R_vds_1(i) = IM1_out{i}.vds;
R.TL_2(i) = IM2_out{i}.TL;
R_Te_2(i) = IM2_out{i}.Te;

% theta_a_2(i) = IM2_out{i}.theta_a;

R_vgs_2(i) = IM2_out{i}.vgs;
R_vds_2(i) = IM2_out{i}.vds;

rext2_pwm(i) = IM2_out{i}.rext_pwm;
rext2_cont(i) = IM2_out{i}.rext_cont;

R.TL_3(i) = IM3_out{i}.TL;
R_Te_3(i) = IM3_out{i}.Te;
% theta_a_3(i) = IM3_out{i}.theta_a;

R_vgs_3(1i)
R_vds_3(1i)

IM3_out{i}.vgs;
IM3_out{i}.vds;

rext3_pwm(i) = IM3_out{i}.rext_pwm;
rext3_cont(i) = IM3_out{i}.rext_cont;

R_S1(i) = Sw_out{i}.S(1);

R_S2(i) = Sw_out{i}.S(2);

R_S3(i) = Sw_out{i}.S(3);
end

% Transformation of electrical rotor speed and electrical angular position
% to mechanical rotor speed and mechanical angular position

% 1st IM
R.wm_1 = wr_1/(ParametersIM.P/2);
R_theta_m_1 = theta_r_1/(ParametersIM.P/2);

% 2nd IM
R-wm_2 = wr_2/(ParametersIM.P/2);
R_theta_m_2 = theta_r_2/(ParametersIM.P/2);

% 3rd IM
R.wm_3 = wr_3/(ParametersIM.P/2);
R_theta_m_3 = theta_r_3/(ParametersIM.P/2);

Transformation of fluxes to currents DQ components

1ST MOTOR

[R_ids_1, R_igs_1, R_idr_1, R.iqr_1] = Fluxes2Currents(lambda_ds_1,
lambda_qgs_1, lambda_dr_1, lambda_qr_1, ParametersIM);

% 2ND MOTOR

[R_ids_2, R_igs_2, R_idr_2, R_iqr_2] = Fluxes2Currents(lambda_ds_2,
lambda_qs_2, lambda_dr_2, lambda_qr_2, ParametersIM);

% 3RD MOTOR

[R_ids_3, R_igs_3, R_idr_3, R_iqr_3] = Fluxes2Currents(lambda_ds_3,

lambda_qgs_3, lambda_dr_3, lambda_qr_3, ParametersIM);

o o°

% Calculating voltage actually reaching motor 2
R_vgs_2 = R_vgs_2 — (R_igs_2 .x rext2_pwm);
R_vds_2 = R.vds_2 — (R_ids_2 .*x rext2_pwm);

% Calculating voltage actually reaching motor 3

R_vgs_3 = R.vgs_3 — (R_igs_3 .* rext3_pwm);
R_vds_3 = R_vds_3 — (R_ids_3 .* rext3_pwm);
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% Clear variables not saved

clear lambda_ds_1 lambda_gs_1 lambda_dr_1 lambda_qr_1 theta_r 1 wr_1 ...

lambda_ds_2 lambda_qs_2 lambda_dr_2 lambda_qr_2 theta_r_2 wr_2 ...
lambda_ds_3 lambda_qs_3 lambda_dr_3 lambda_qr_3 theta_r_3 wr_3 ...

i j tspan t_ini t_end x0 num_states deltat

function [y, IM1, IM2, IM3, Sw] = ThreeIM 1lConverter_IFOC_res(t, u,

ParametersIM, ParamSys, ParamController)

% STATES
- %
% 1ST MOTOR

lambda_ds_1 = u(1); % Flux ds [Wb]
lambda_qs_1 = u(2); % Flux qs [Wb]
lambda_dr_1 = u(3); % Flux dr [Wb]
lambda_qr_1 = u(4); % Flux qr [Wb]
wr_1 = u(5); % Rotor speed (electric) [rad/s]
theta_r_.1 = u(6); % Rotor position (electric) [rad]
% INDIRECT FIELD ORIENTED CONTROL (1ST MOTOR)

theta_e = u(7); % Rotor flux angular position (electric)

I _Action_CL_.w_1 = u(8); % Integral action of the closed loop control of wm
% 2ND MOTOR

lambda_ds_2 = u(9); % Flux ds [Wb]
lambda_gs_2 = u(10); % Flux gs [Wb]
lambda_dr_2 = u(1l1l); % Flux dr [Wb]
lambda_qr_2 = u(12); % Flux qr [Wb]
wr_2 = u(1l3); % Rotor speed (electric) [rad/s]
theta_r_2 = u(14); % Rotor position (electric) [rad]
% 3RD MOTOR

lambda_ds_3 = u(15); % Flux ds [Wb]
lambda_gqs_3 = u(16); % Flux qgs [Wb]
lambda_dr_3 = u(17); % Flux dr [Wb]
lambda_qr_3 = u(18); % Flux qr [Wb]
wr_3 = u(19); % Rotor speed (electric) [rad/s]
theta_r_3 = u(20); % Rotor position (electric) [rad]
% RESISTANCE CONTROL OF MOTORS 2&3

rn-— %
% CONTROLLERS

n = ParamController.order;

% Automatic state—building of the controllers, based on order

xk2 = u(21:21+n—-1);

xk2 = reshape(xk2,n,1);

xk3 = u(21+n:21+2*xn—1);

xk3 = reshape(xk3,n,1);

% GET SYSPARAMS

vswM = ParamSys.vswM;
vdM = ParamSys.vdM;
vswR = ParamSys.vswR;
vdR = ParamSys.vdR;

TL1 delta = ParamSys.TL1l variation;
time_delta_TL1 = ParamSys.time_variation_TL1;

TL2_delta = ParamSys.TL2 variation;
time_delta_TL2 = ParamSys.time_variation_TL2;

TL3_delta = ParamSys.TL3_variation;
time_delta_TL3 = ParamSys.time_variation_TL3;

if t > time_delta_TL1

TL 1 = (1+TL1 delta)*ParametersIM.Tnom;
else
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TL_1 = ParametersIM.Tnom;
L1=0;

— o°

end

if t > time_delta_TL2
TL_2 = (1+TL2_delta)*ParametersIM.Tnom;

else

% TL_2 = ParametersIM.Tnom;
TL.2 = 0;

end

if t > time_delta_TL3

TL_3 = (1+TL3_delta)*ParametersIM.Tnom;
else
ParametersIM.Tnom;

@ |l

GET CONTROLLER PARAMS

Hysteresis control
= ParamController.h; % Hysteresis band

T o° g° o° d° o° D

% r_ext control

Ak = ParamController.Ak;

Bk = ParamController.Bk;

Ck = ParamController.Ck;

Dk = ParamController.Dk;

% Arbitrary Reference Frame
% Stator reference
% % 1lst IM

% wa_l = 0;

% theta_a_1 = 0;

% % 2nd IM

% wa_2 = 0;

% theta_a_2 = 0;

% % 3rd IM

% wa_3 = 0;

% theta_a_3 = 0;

Auxiliary Equations for the IMs

Transformation of fluxes to currents — DQ components

1ST MOTOR

ids_1, igs_1, idr_1, iqr_1] = Fluxes2Currents(lambda_ds_1, lambda_qgs_1,
lambda_dr_1, lambda_qr_1, ParametersIM);

% 2ND MOTOR

[ids_2, iqs_2, idr_2, iqr_2] = Fluxes2Currents(lambda_ds_2, lambda_qgs_2,

lambda_dr_2, lambda_qr_2, ParametersIM);

% 3RD MOTOR

[ids_3, iqs_3, idr_3, iqr_3] = Fluxes2Currents(lambda_ds_3, lambda_qgs_3,
lambda_dr_3, lambda_qr_3, ParametersIM);

= % o° o o° o°

Electromagnetic and Load Torques

1ST MOTOR

= 3/4xParametersIM.Px*(lambda_ds_1.*xiqs_1 — lambda_qs_1.x*ids_1);
D MOTOR

= 3/4xParametersIM.Px*(lambda_ds_2.+igqs_2 — lambda_qgs_2.*ids_2);
D MOTOR

= 3/4+ParametersIM.Px*(lambda_ds_3.*igs_3 — lambda_qgs_3.x*ids_3);

e

N |
WION =

e

— 0 = o° = ° o°
w

e_

% Transformation of electrical rotor speed and electrical angular position
% to mechanical rotor speed and mechanical angular position
% 1st IM

% wm_1l = wr_1/(ParametersIM.P/2);

theta_m_1 = theta_r_1/(ParametersIM.P/2);

% wn_2 = wr_2/(ParametersIM.P/2);
theta_m_2 = theta_r_2/(ParametersIM.P/2);

% wm_2 = wr_2/(ParametersIM.P/2);
theta_m_3 = theta_r_3/(ParametersIM.P/2);

% Transforming stator and rotor currents from qd reference to abc variables

74



% % 1st IM

% [ias_1, ibs_1, ics_1] = qd2abcs(iqgs_1, ids_1, theta_a_1);
% % 2nd IM

% [ias_2, ibs_2, ics_2] = qd2abcs(iqs_2, ids_2, theta_a_2);
% % 3rd IM

% [ias_3, ibs_3, ics_3] = qd2abcs(igs_3, ids_3, theta_a_3);
% 1lst IM

ias_1 = igs_1;

[ibs_1, ics_1] = statbc(igs_1, ids_1);

% 2nd IM

ias_2 = igs_2;

[ibs_2, ics_2] = statbc(igs_2, ids_2);

% 3rd IM

ias_3 = iqgs_3;

[ibs_3, ics_3] = statbc(igs_3, ids_3);

% Rotor Voltages (squirrel cage) — DQ components
1st IM

vdr_1 = 0;

vgr_1 0;

% 2nd

o°

<
fe)
=
N
IWow = uum=u
= =
[cXol [cXo]

% INDIRECT (ROTOR) FIELD ORIENTED CONTROL
% INDUCTION MOTOR 1

[lambda_dr_star, wm_star] = RefLambdaAndwm(t, ParametersIM);

% Indirect field oriented control drive
[

igs_star, ids_star, di_wm_dt, wrf_est] = IFOCDrive(ParametersIM,

lambda_dr_star, wm_star, wr_1, I_Action_CL_w_1);

Converting currents to abc variables for Hysteresis current control

%
% Commanded currents

[ias_star, ibs_star, ics_star] = qd2abcs(iqs_star, ids_star, theta_e);

i_abcs_star = [ias_star, ibs_star, ics_star];

% Measured/real currents
i_abcs = [igs_1, ibs_1, ics_1];

% Hysteresis current control
[S] = myHysteresisCurrentControl(i_abcs', i_abcs_star', h);

% 3phase bridge converter voltages
vdc = ParametersIM.Vsx*sqrt(2); % peak of line-to-line voltage

IM = [(ias_l+ias_2+ias_3) (ibs_l+ibs 2+ibs 3) (ics_1l+ics 2+ics _3)];
[vas, vbs, vcs] = my3PhaseConverterVoltLoss(S', vdc, vswM, vdM, IM);

% Converting vabcs voltages to vqds
[vgsC, vdsC] = statqd(vas, vbs, vcs);

o

STATOR RESISTANCE CONTROL
INDUCTION MOTOR 2

9 o° o° ¢°

CONTROLLER EQUATIONS

Controller input vector uk
For now, only the position error

o° o° o° o° o°

uk2(1) = theta_m_1 — theta_m_2;
xk2_dot = Akxxk2 + Bkxuk2;
yk2 = Ckxxk2 + Dkxuk2;

uk3(1) = theta_m_1 — theta_m_3;
xk3_dot = Akxxk3 + Bkxuk3;
yk3 = Ckxxk3 + Dkxuk3;

% Controller output vector yk

% For PI controller, yk is in units of 1/rad
rext2_cont = yk2(1)*ParametersIM.rs;
rext2_cont = max(rext2_cont,0);
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rext2_cont min(rext2_cont,ParamController.rext_max);
rext3_cont = yk3(1l)*ParametersIM.rs;

rext3_cont = max(rext3_cont,0);

rext3_cont = min(rext3_cont,ParamController.rext_max);

% Controlable external resistance via PWM
f_sw = 4.987654321e3;

r_full = ParamController.rext_max;

d2 = rext2_cont/r_full;

S_rext2 = myPWM(t, d2, f_sw);

rext2_pwm = S_rext2 * r_full;

d3 = rext3_cont/r_full;
S_rext3 = myPWM(t, d3, f_sw);
rext3_pwm = S_rext3 x r_full;

% PWM external resistance
rext2 = rext2_pwm;
rext3 = rext3_pwm;

Ideal external resistance
rext2 = rext2_cont;
rext3 = rext3_cont;

o o° o°

vgs_2 = vqgs_1;
vds_2 = vds_1;

% If external resistance is off, then current flows through
% these are non—ideal, then voltage drop is always 1 switch + 1 diode

vas_2 = vas — ~S_rext2*xsign(ias_2)*(vswR+vdR);
vbs_2 = vbs — ~S_rext2*xsign(ibs_2)x*(vswR+vdR);
vcs_2 = vcs — ~S_rext2xsign(ics_2)x*(vswR+vdR);

% Transforming vabcs to vds and vqgs
[vgs_2, vds_2] = statqd(vas_2, vbs_2, vcs_2);

vas_3 = vas — ~S_rext3+sign(ias_3)x*(vswR+vdR);
vbs_3 = vbs — ~S_rext3*sign(ibs_3)x*(vswR+vdR);
vcs_3 = vcs — ~S_rext3xsign(ics_3)x*(vswR+vdR);
% Transforming vabcs to vds and vqgs

[vgs_3, vds_3] = statqd(vas_3, vbs_3, vcs_3);

% Apply this loss to motor line 1 too for parity. In a real system,
% would be connected to a board in case torque differnce reverses

vas_1l = vas — sign(ias_1)*(vswR+vdR);

vbs_1 vbs — sign(ibs_1)x*(vswR+vdR);

vcs_1 = vcs — sign(ics_1)*(vswR+vdR);

% Transforming vabcs to vds and vqgs

[vgs_1, vds_1] = statqd(vas_1, vbs_1, vcs_1);

%
- %

switches. If

both

OUTPUT STRUCTURES

o° d° o° o°

Switching states

Sw.S = S;

Sw.S_rext2 = S_rext2;
Sw.S_rext3 = S_rext3;
% 1lst motor

IM1.vqgsC = vqgsC;
IM1.vdsC = vdsC;
IM1.TL = TL_1;

IM1.Te = Te_1;
IM1.vgs = vgs_1;
IM1l.vds = vds_1;
IM1.theta_e = theta_e;

% IMl.we = we;

% IMl.theta_e theta_e;

% IM1.theta_a theta_a_1;
IM1l.wm_star = wm_star;

% 2nd motor

IM2.TL = TL_2;
IM2.Te = Te_2;
IM2.vqgs = vQs_2;
IM2.vds = vds_2;

% IM2.theta_a = theta_a_2;
IM2.rext_pwm = rext2_pwm;
IM2.rext_cont = rext2_cont;

% 3rd motor
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IM3.TL = TL_3;
IM3.Te = Te_3
IM3.vgs = vqs_
IM3.vds = vds_
% IM3.theta_a theta_a_3;
IM3.rext_pwm = rext3_pwm;

IM3.rext_cont = rext3_cont;

’
’

3
3

o o
6 ]

DIFF. STATES EQUATIONS

% 1ST MOTOR

% y(1) = vds_1 — ParametersIM.rs*xids_1 + wa_1 * lambda_qgs_1; % lambda_ds_1

% y(2) = vgs_1 — ParametersIM.rsxigs_1 — wa_1 * lambda_ds_1; % lambda_qs_1

% y(3) = vdr_1 — ParametersIM.rr*idr_1 + (wa_l—wr_1)xlambda_qr_1; % lambda_dr_1

% y(4) = vqr_1 — ParametersIM.rrxiqr_-1 — (wa_l—wr_1)x*lambda_dr_1; % lambda_qr_1

y(1l) = vds_1 — ParametersIM.rs*xids_1; % lambda_ds_1

y(2) = vgs_1 — ParametersIM.rs*xiqgs_1; % lambda_qs_1

y(3) = vdr_1 — ParametersIM.rrxidr_1 — wr_lxlambda_qr_1; % lambda_dr_1

y(4) = vqr_1 — ParametersIM.rrxiqr_1 + wr_lxlambda_dr_1; % lambda_qr_1

y(5) = (1/ParametersIM.J)x*((Te_1-TL_1)*ParametersIM.P/2 + ...
—ParametersIM.bxwr_1); % wr_1

y(6) = wr_1; % theta_r_1

% INDIRECT FIELD ORIENTED CONTROL (1ST MOTOR)

y(7) = wrf_est; % Rotor flux angular position (electric)

y(8) = di_wm_dt; % Integral action of the closed loop control of wm

R %

2ND MOTOR

) = vds_2 — (ParametersIM.rs + rext2)*ids_2 + wa_2 * lambda_qs_2; % lambda_ds_2
0) = vgs_2 — (ParametersIM.rs + rext2)xigqs_2 — wa_2 * lambda_ds_2; % lambda_qgs_2
1) = vdr_2 ParametersIM.rrxidr_2 + (wa_2-wr_2)x*lambda_qr_2; % lambda_dr_2
2) = vqr_2 — ParametersIM.rrxiqr_2 — (wa_2—wr_2)x*lambda_dr_2; % lambda_qr_2

y(9) vds_2 — (ParametersIM.rs + rext2)=ids_2; % lambda_ds_2

y(10) = vgs_2 — (ParametersIM.rs + rext2)*iqs_2; % lambda_qs_2

y(11) = vdr_2 — ParametersIM.rr*xidr_2 — wr_2xlambda_qr_2; % lambda_dr_2

y(12) = vqr_2 — ParametersIM.rrxiqr_2 + wr_2xlambda_dr_2; % lambda_qr_2

y(13) = (1/ParametersIM.J)x*((Te_2—TL_2)*ParametersIM.P/2 + ...
—ParametersIM.b*xwr_2); % wr_2

y(14) = wr_2; % theta_r_2

% 3RD MOTOR

% y(15) = vds_3 — (ParametersIM.rs + rext3)xids_3 + wa_3 * lambda_qs_3; % lambda_ds_3

% y(16) = vgs_3 (ParametersIM.rs + rext3)*iqs_3 — wa_3 * lambda_ds_3; % lambda_qs_3

% y(17) = vdr_3 — ParametersIM.rr*idr_3 + (wa_3-wr_3)x*lambda_qr_3; % lambda_dr_3

% y(18) = vqr_3 — ParametersIM.rrxiqr_3 — (wa_3—wr_3)xlambda_dr_3; % lambda_qr_3

y(15) = vds_3 — (ParametersIM.rs + rext3)x*ids_3; % lambda_ds_3

y(16) = vgs_3 — (ParametersIM.rs + rext3)xiqgs_3; % lambda_qs_3

y(17) = vdr_3 — ParametersIM.rrxidr_3 — wr_3xlambda_qr_3; % lambda_dr_3

y(18) = vqr_3 — ParametersIM.rrxiqr_3 + wr_3xlambda_dr_3; % lambda_qr_3

y(19) = (1/ParametersIM.J)*((Te_3—TL_3)x*ParametersIM.P/2 + ...
—ParametersIM.bxwr_3); % wr_3

y(20) = wr_3; % theta_r_3

% RESISTANCE CONTROL OF 2ND MOTOR

% CONTROLLER

% Automatic state—building diff. equations of the controller, based on its order

y(21:21+n—1) = xk2_dot;
y(21+n:21+2xn—1) = xk3_dot;

y=y"
end

B.4 IDFOC Control, Auxiliary Converter Method

00000000000000000000000000000000000000000000000000000000000000000000000000
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% Runs 3—motor simulation of auxiliary converter method using CVHz control
clear

close all

clc

% load k_hinf

% [Ak,Bk,Ck,Dk] = ssdata(k_hinf);

Kp = —80; % V/rad

Ki = —120; % V/(radxs)

[Ak,Bk,Ck,Dk] = ssdata(tf([Kp Ki],[1 01));

% Code currently only supports 3 identical motors
ParametersIM = ReturnParametersIM 15hp;

rs = ParametersIM.rs;
rr = ParametersIM.rr;
Lls = ParametersIM.Lls;
Llr = ParametersIM.Llr;
Lm = ParametersIM.Lm;
Ls = ParametersIM.Ls;
Lr = ParametersIM.Lr;

% sigma = 1 — Lm"~2/(Lsx*Lr);
% tau_s = Ls/rs;

% tau_r = Lr/rr;

% sigma_s = tau_s*sigma;

% sigma_r = tau_rxsigma;

% mu_s = 1/sigma_s;

% mu_r = 1/sigma_r;

Incorporating mu_s inside the param structure
ParametersIM.mu_s = mu_s;

o o°

ParamController.h = 0.1; % Hysteresis band

ParamController.Ak = Ak;
ParamController.Bk = Bk;
ParamController.Ck = Ck;
ParamController.Dk = Dk;

ParamController.order =’1ength(Ak);

ParamController.delv_max = 50;
ParamController.tstart = 2; % Time to turn on voltage drop converter

% Parameters for switching losses

ParamSys.vswM = 0; Main converter switch voltage
ParamSys.vdM = 0; Main converter diode voltage
ParamSys.vswD = 0; Drop converter switch voltage
ParamSys.vdD = 0; Drop converter diode voltage

o° o° of of

time_variation_TL1
time_variation_TL2

2;
2;
time_variation_TL3 2;

time_variation_TL1;
time_variation_TL2;
time_variation_TL3;

ParamSys.time_variation_TL1
ParamSys.time_variation_TL2
ParamSys.time_variation_TL3

TL1 variation = 0; % Variation in load torque in pu
ParamSys.TL1 variation = TL1 variation;

TL2_variation = —0.2;
ParamSys.TL2_variation = TL2_variation;

TL3_variation = —0.3;
ParamSys.TL3_variation = TL3_variation;

num_states = 26 + 2xParamController.order;

X0 = zeros(l,num_states); % Initial conditions for state variables
% load x0_save

% x0 = x0_save;

_ 0;
t_end = 6;

-+
.
=]
ol

L}

deltat = 10e—6;

tspan = t_ini:deltat:t_end;

options = odeset('MaxStep', deltat, 'RelTol',le—5, 'AbsTol', le—6);
% options = odeset();

% Set up iterations and allocate space for saved variables
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Nlist = [1/5 1/3 1/2 1/2];
vdcRlist = [1 11 0.5];

TL_2 out = zeros(numel(tspan),numel(Nlist));
Te_2_out = TL_2_out;

delv2_vd_out = TL_2_out;
delv2_vg out = TL_2_out;
delv2_cont_out = TL_2_out;

wm_2_out = TL_2_out;
theta_m_2_out = TL_2_out;

ids_2_out = TL_2_out;
igs_2_out = TL_2_out;
idr_2_out = TL_2_out;
iqr_2_out = TL_2_out;
id2_2_out = TL_2_out;
ig2_2_out = TL_2 out;
vgql_2_out = TL_2_ out;
vdl_2_out = TL_2_out;
vgs_2_out = TL_2 out;
vds_2_out = TL_2_out;
Sd1l_2_out = TL_2_out;
Sd2_2_out = TL_2_out;
Sd3_2_out = TL_2_out;
TL_3_out = TL_2_out;
Te_3_out = TL_2_ out;

delv3_vd_out = TL_2_out;
delv3_vg_out = TL_2_out;
delv3_cont_out = TL_2_out;
wm_3_out = TL_2_out;
theta_m_3_out = TL_2_out;
ids_3_out = TL_2_out;

igs_3_out = TL_2 out;
idr_3_out = TL_2_out;
iqr_3_out = TL_2_out;
id2_3_out = TL_2_out;
ig2_3_out = TL_2_out;
vgl_3_out = TL_2_out;
vdl_3_out = TL_2_out;
vgs_3_out = TL_2_out;
vds_3_out = TL_2_out;
Sdl_3_out = TL_2_out;
Sd2_3_out = TL_2_out;
Sd3_3_out = TL_2_out;
TL 1 out = TL_2_out;
Te_1l_out = TL_1_out;
wm_1l_ out = TL_1_out;
theta_m_1_out = TL_1_out;
ids_1_out = TL_1_out;
igs_1 out = TL_1 out;
idr_1_out = TL_1_out;
igr_1_out = TL_1_out;
id2_1_out = TL_1_out;
ig2_1_out = TL_1_out;
vgql_1_out = TL_1 out;
vdl_1_out = TL_1_out;
vgs_1l_out = TL_1 out;
vds_1_out = TL_1_out;
S1_out = TL_1_out;
S2_out = TL_1_out;
S3_out = TL_1_out;

theta_e_out = TL_1_out;

% Iterate over transformer turns ratios & auxiliary converter bus voltages
for j=l:numel(Nlist)

% Transformer params: line side = primary (1), aux converter = secondary (2)
N = Nlist(j); % N1/N2

ParametersXF.N = N; % Z' = Z#N~2, but less windings = less impedance
ParametersXF.rl % So actual secondary impedance scales with N2,
ParametersXF.r2 % canceling a power of N for this scaling
ParametersXF.L11 = 0.
ParametersXF.L12 = 0.5e—3*N;
ParametersXF.LmT = 10e—3;

ParametersXF.vdcR = vdcRlist(j); % Ratio between aux converter bus and main bus

% Calculate inductance matrix inverses in setup

% The factor of 3/2 for magnetizing inductance (Lm —> M) is assumed included
L11 = ParametersXF.L11;

L12 = ParametersXF.L12;
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LmT = ParametersXF.LmT;
L = [[Lls+L11+Lm+LmT, Lm, LmT];...
[Lm, Llr+Lm, 0O];...
[LmT, 0, L12+LmT]];
ParametersXF.Linv = inv(L);

tic

[t,y] = ode45(@(t,y) ThreeIM_ 1Converter_IFOC volt_xf(t,y,ParametersIM,

ParametersXF, ParamSys, ParamController), tspan, x0, options);
toc

Save state
x0_save = y(end,:);
save x0_save x0_save

o o° o°

a0

% POST—PROCESSING

% PICKING UP THE STATES

% 1ST MOTOR

lambda_dC_1 = y(:,1); % Flux dC (main converter path) [Wb]
lambda_qC_1 = y(:,2); % Flux qC [Wb]
lambda_dr_1 = y(:,3); % Flux dr (rotor path) [Wb]
lambda_qr-1 = y(:,4); % Flux qr [Wb]
lambda_d2_1 = y(:,5); % Flux d2 (side converter path) [Wb]
lambda_g2_.1 = vy(:,6); % Flux g2 [Wb]
wr_1 = y(:,7); % Rotor speed (electric) [rad/s]
theta_r_1 = y(:,8); % Rotor position (electric) [rad]
% INDIRECT FIELD ORIENTED CONTROL (1ST MOTOR)

theta_e = y(:,9); % Rotor flux angular position (electric) [rad]

I _Action CL w_1 = y(:,10); % Integral action of the closed loop control of wm

% 2ND MOTOR
r--————00 %
lambda_dC_2 = y(:,11); % Flux dC (main converter path) [Wb]
lambda_qC_2 = y(:,12); % Flux qC [Wb]
lambda_dr_2 = y(:,13); % Flux dr (rotor path) [Wb]
lambda_qr_-2 = vy(:,14); % Flux qr [Wb]
lambda_d2_2 = y(:,15); % Flux d2 (side converter path) [Wb]
lambda_q2_2 = y(:,16); % Flux g2 [Wb]
wr_2 = y(:,17); % Rotor speed (electric) [rad/s]
theta_r_2 = y(:,18); % Rotor position (electric) [rad]
% 3RD MOTOR

lambda_dC_3 = y(:,19); % Flux dC (main converter path) [Wb]
lambda_qC_3 = y(:,20); % Flux qC [Wb]
lambda_dr-3 = y(:,21); % Flux dr (rotor path) [Wb]
lambda_qr-3 = y(:,22); % Flux gr [Wb]
lambda_d2_3 = y(:,23); % Flux d2 (side converter path) [Wb]
lambda_q2_3 = y(:,24); % Flux g2 [Wb]
wr_3 = y(:,25); % Rotor speed (electric) [rad/s]
theta_r_3 = y(:,26); % Rotor position (electric) [rad]
% EXTRACTING OUTPUT STRUCTURES FROM DIFF EQ FUNCTION

[~, IMl_out, IM2_out, IM3_out, Sw_out] = cellfun(@(t,y)

ThreeIM 1Converter_IFOC_volt_xf(t, y, ParametersIM, Pé;ametersXF,
ParamSys, ParamController), num2cell(t), num2cell(y,2),'uni',0);

TL_1 = zeros(numel(t),1);

Te_1 = zeros(numel(t),1);

% wa_1l = zeros(numel(t),1);

% theta_a_1 = zeros(numel(t),1);
vqC = zeros(numel(t),1);

vdC = zeros(numel(t),1);

TL_2 = zeros(numel(t),1);

Te_2 = zeros(numel(t),1);

wa_2 = zeros(numel(t),1);
theta_a_2 = zeros(numel(t),1);
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delv2_vq = zeros(numel(t),1);
delv2_vd = zeros(numel(t),1);
delv2_cont = zeros(numel(t),1);

TL_3 = zeros(numel(t),1);

Te_3 = zeros(numel(t),1);

% wa_3 = zeros(numel(t),1);

% theta_a_3 = zeros(numel(t),1);

delv3_vq zeros (numel(t),1);
delv3_vd zeros(numel(t),1);
delv3_cont = zeros(numel(t),1);

S1 = zeros(numel(t),1);
S2 = zeros(numel(t),1);
S3 = zeros(numel(t),1);
Sd1_2 = zeros(numel(t),1);
Sd2_2 = zeros(numel(t),1);
Sd3_2 = zeros(numel(t),1);
Sd1_3 = zeros(numel(t),1);
Sd2_3 = zeros(numel(t),1);
Sd3_3 = zeros(numel(t),1);

for i=l:numel(t)

TL_1(i) = IM1 out{i}.TL;

Te_1(i) = IM1l_out{i}.Te;
wa_1(i) = IM1_out{i}.wa;
theta_a_1(i) = IM1_out{i}.theta_a;

o° o°

vgC(i) = IM1_out{i}.vqC;
vdC(i) = IM1 out{i}.vdC;
TL 2(i) = IM2 out{i}.TL;
Te_2(i) = IM2_out{i}.Te;
% wa_2(i) = IM2_out{i}.wa;
% theta_a_2(i) = IM2_out{i}.theta_a;

delv2_vq(i)
delv2_vd(i)

= IM2_out{i}.delv2_vq;
delv2_cont(i)

I
IM2_out{i}.delv2_vd;
= IM2_out{i}.delv2_cont;

TL_3(1) IM3_out{i}.TL;

Te_3(i) = IM3_out{i}.Te;
wa_3(i) = IM2_out{i}.wa;
theta_a_3(i) = IM2_out{i}.theta_a;

o° o°

IM3_out{i}.delv3_vq;
IM3_out{i}.delv3_vd;
= IM3_out{i}.delv3_cont;

delv3_vq(i) =
delv3_vd(i) =
delv3_cont(i)

S1(i) = Sw_out{i}.S(1);
S2(i) = Sw_out{i}.S(2);
S3(i) = Sw_out{i}.S(3);
Sd1 2(i) = Sw_out{i}.S_d2(1);
Sd2_2(i) = Sw_out{i}.S_d2(2);
Sd3_2(i) = Sw_out{i}.S_d2(3);
Sd1_3(i) = Sw_out{i}.S_d3(1);
Sd2_3(i) = Sw_out{i}.S_d3(2);
Sd3_3(1i) = Sw_out{i}.S_d3(3);
end

clear y IM1 out IM2 out IM3_out Sw_out
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Transformation of electrical rotor speed and electrical angular position
to mechanical rotor speed and mechanical angular position

o of

o°

1st IM
wm_1l = wr_1/(ParametersIM.P/2);
theta_m_1 = theta_r_1/(ParametersIM.P/2);
% 2nd IM
wm_2 = wr_2/(ParametersIM.P/2);
theta_m_2 = theta_r_2/(ParametersIM.P/2);
% 3rd IM
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wm_3 = wr_3/(ParametersIM.P/2);
theta_m_3 = theta_r_3/(ParametersIM.P/2);

% Transformation of fluxes to currents — DQ components

Linv = ParametersXF.Linv;

% 1ST MOTOR

[ids_1, igs_1, idr_1, iqr_1, id2_1, ig2_1] = Fluxes2Currents_xf(lambda_dC_1,
lambda_qC_1, lambda_dr_1, lambda_qr_1, lambda_d2_1, lambda_g2_1, Linv);

% 2ND MOTOR

[ids_2, iqs_2, idr_2, iqr_2, id2_2, iq2_2] = Fluxes2Currents_xf(lambda_dC_2,
lambda_qC_2, lambda_dr_2, lambda_qr_2, lambda_d2_2, lambda_q2_2, Linv);

% 3RD MOTOR

[ids_3, iqs_3, idr_3, iqr_3, id2_3, ig2_3] = Fluxes2Currents_xf(lambda_dC_3,
lambda_qC_3, lambda_dr_3, lambda_qr_3, lambda_d2_3, lambda_g2_3, Linv);

Transforming stator and rotor currents from qd reference to abc variables
Disabled to reduce size of saved data — can convert later

% 1st IM

% [ias_1, ibs_1, ics_1] = qd2abcs(igs_1, ids_1, theta_a_1);
ias_1 = iqs_1;

[ibs_1, ics_1] = statbc(igs_1, ids_1);

% [iar_1, ~, ~] = qd2abcs(iqr_1, idr_1, theta_a_l-theta_ r_1);
% [ia2_1, ib2_1, ic2_1] = qd2abcs(iq2_1, id2_1, theta_a_1);

ia2_1 = ig2_1;
[ib2_1, ic2_1] = statbc(ig2_1, id2_1);

% 2nd IM

% [ias_2, ibs_2, ics_2] = qd2abcs(igs_2, ids_2, theta_a 2);
ias_2 = iqs_2;

[ibs_2, ics_2] = statbc(igs_2, ids_2);

% [iar_2, ~, ~] = qd2abcs(iqr_2, idr_2, theta_a_2-theta_r_2);
% [ia2_2, ib2 2, ic2_ 2] = qd2abcs(ig2_2, id2_2, theta_a_2);

ia2.2 = iq2_2;
[ib2_2, ic2_ 2] = statbc(igq2_2, id2_2);

Transforming stator voltages from qd reference to abc variables

Main converter

[vaC, vbC, vcC] = gd2abcs(vqC, vdC, theta_a_1);
aC = vqC;
vbC, vcC] = statbc(vqC, vdC);

Voltage drop converter

[delv2_va, delv2_vb, delv2_vc] = qd2abcs(delv2_vq, delv2_vd, theta_a_2);
delv2_va = delv2_vq;

[delv2_vb, delv2_vc] = statbc(delv2_vq, delv2_vd);

o° o° of°

o =<

% Voltage reaching motors: Need to calculate based on currents. v=Ldi/dt

Dids_1 = [0; diff(ids_1)/deltat];
Digs_1 = [0; diff(igs_1)/deltat];
Did2_1 = [0; diff(id2_1)/deltat];

Dig2_1 = [0; diff(igq2_1)/deltat];

% lambda_d1_1
% lambda_ql_1

(L11 + LmT)*ids_1 + LmT*id2_1;
(L11 + LmT)*igs_1 + LmT*iq2_1;

% vdl_1 = ParametersXF.rlsids_1 + L11xDids_1 + LmT*(Dids_1+Did2_1) — wa_l.xlambda_ql_1;

vdl_1 = ParametersXF.rlsxids_1 + L11%Dids_1 + LmT*(Dids_1+Did2_1);

vds_1 = vdC — vdl_1;

% vql_-1 = ParametersXF.rlxiqs_1 + L11xDigs_1 + LmTx(Digs_1+Digq2_1) + wa_l.xlambda_d1_1;
vgql_1 = ParametersXF.rlxiqs_1 + L11xDigs_1 + LmT*(Digs_1+Dig2_1);

vgs_1 = vqC — vql_1;

% [val_1, vbl 1, vcl 1] = qd2abcs(vgql_1, vdl_ 1, theta_a_1);
val 1l = vql_.1;

[vbl 1, vcl 1] = statbc(vql_1, vdl.1);

% [vas_1, vbs_1, vcs_1] = qd2abcs(vgs_1, vds_1, theta_a_1);
vas_1 = vqgs_1;

[vbs_1, vcs_1] = statbc(vgs_1, vds_1);

% 2nd IM

Dids_2 = [0; diff(ids_2)/deltat];
Digs_2 = [0; diff(igs_2)/deltat];
Did2 2 = [0; diff(id2_2)/deltat];

Dig2_2 = [0; diff(ig2_2)/deltat];

% lambda_dl 2 = (L11 + LmT)xids 2 + LmT*id2_2;
% lambda_ql 2 = (L11 + LmT)x*igs_2 + LmT*ig2_2;

% vdl_2 = ParametersXF.rlxids_2 + L11xDids_2 + LmT*(Dids_2+Did2_2) — wa_2.xlambda_ql_2;

vdl_2 = ParametersXF.rlsids_2 + L11%Dids_2 + LmT*(Dids_2+Did2_2);

vds_2 = vdC — vd1_2;

% vql_2 = ParametersXF.rlxigs_2 + L11xDiqs_2 + LmT*(Diqs_2+Dig2_2) + wa_2.xlambda_dl_2;
vql_2 = ParametersXF.rlxiqs_2 + L11xDiqs_2 + LmT*(Digs_2+Diq2_2);
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vgs_-2 = vqC — vql_2;

% [val 2, vbl 2, vcl 2] = qd2abcs(vgl_2, vdl_ 2, theta_a_2);
val 2 = vql_2;

[vbl 2, vcl 2] = statbc(vql_ 2, vdl 2);

% [vas_2, vbs_2, vcs_2] = qd2abcs(vgs_2, vds_2, theta_a_2);
vas_2 = vQqs_2;

[vbs_2, vcs_2] = statbc(vgs_2, vds_2);

% 3rd IM

Dids_3 = [0; diff(ids_3)/deltat];

Digs_3 = [0; diff(igs_3)/deltat];

Did2_3 = [0; diff(id2_3)/deltat];

Dig2_3 = [0; diff(ig2_3)/deltat];

vdl_3 = ParametersXF.rlxids_3 + L11%Dids_3 + LmT*(Dids_3+Did2_3);
vds_3 = vdC — vdl_3;

vql_3 = ParametersXF.rlxiqs_3 + L11xDigs_3 + LmT*(Digs_3+Diq2_3);
vgs_-3 = vqC — vql_3;

% Clear variables not saved

clear lambda_dC_1 lambda_qC_1 lambda_dr_1 lambda_qr_1 lambda_d2_1 ...
lambda_q2_1 lambda_dC_2 lambda_qC_2 lambda_dr_2 lambda_qr_2 ...
lambda_d2_2 lambda_g2_2 lambda_dC_3 lambda_qC_3 lambda_dr_3 ...

lambda_qr_3 lambda_d2_3 lambda_q2_3 theta_r_1 theta_r_2 theta_r_3 ...
wr_1l wr_2 wr_3 Dids_1 Digs_1 Did2_1 Digq2_1 Dids_2 Diqs_2 Did2_2 ...

Diq2_2 Dids_3 Digs_3 Did2_3 Diq2_3

% Save variables before next loop (motor 2, different xfmr params)
TL_ 2 out(:,j) = TL_2;
Te_2_out(:,j) = Te_2;

delv2_vd_ out(:,j) = delv2_ vd;
delv2_vg_out(:,j) = delv2_vq;
delv2_cont_out(:,j) = delv2_cont;
wm_2_out(:,j) = wm_2;
theta_m_2_out(:,j) = theta_m_2;
ids_2_out(:,j) = ids_2;
igs_2_out(:,j) = iqgs_2;
idr_2_out(:,j) = idr_2;
igqr_2_out(:,j) = iqr_2;

id2_2 out(:,j) = id2_2;
ig2_2_out(:,j) = igq2_2;
vgl_2_out(:,j) = vql_2;

vdl 2 out(:,j) = vdl_2;
vgs_2_out(:,j) = vgs_2;

vds_2 out(:,j) = vds_2;
Sd1_2_out(:,j) = Sd1.2;
Sd2_2_out(:,j) = Sd2_2;
Sd3_2_out(:,j) = Sd3_2;

% Save variables before next loop (motor 3, different xfmr params)

TL_3_out(:,j) = TL_3;
Te_3_out(:,j) = Te_3;
delv3_vd_ out(:,j) = delv3_vd;
delv3_vg_out(:,j) = delv3_vq;
delv3_cont_out(:,j) = delv3_cont;
wm_3_out(:,j) = wm_3;
theta_m_3_out(:,j) = theta_m_3
ids_3_out(:,j) = ids_3;
igs_3_out(:,j) = iqgs_3;
idr_3_out(:,j) = idr_3;
igr_3_out(:,j) = iqr_3;
id2_3_out(:,j) = id2_3;
ig2_3_out(:,j) = ig2_3;
vgl_3_out(:,j) = vql_3;
vdl_3_out(:,j) = vdl_3;
vgs_3_out(:,j) = vgs_3;
vds_3_out(:,j) = vds_3;
Sd1_3_out(:,j) = Sd1._3;
Sd2_3_out(:,j) = Sd2_3;
Sd3_3_out(:,j) = Sd3_3;

% Save variables before next loop (motor 1, different xfmr params)
TL_1_out(:,j) = TL_1;
i)
J)

Te_1l_out(:, = Te_1;
wm_1_out(:, = wm_1;
theta_m_1_ out( j) = theta_m_1;
ids_1 out(:,j) = 1ds,1;

igs_1 out(:,j) = igs_1;
idr_1l_out(:,j) = idr_1;
igr_1_out(:,j) = iqr_1;
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id2_1_out(:,j) = id2_1;
ig2_1 out(:,j) = igq2_1;
vgl_1 out(:,j) = vql_1;
vdl_ 1 out(:,j) = vdl_1;
vgs_1 out(:,j) = vgs_1;
vds_1_out(:,j) = vds_1;
S1 out(:,j) = S1;
S2_out(:,j) = S2;
S3_out(:,j) = S3;

theta_e_out(:,j) = theta_e;
end

% Clear redundant variables left over

clear delv2_cont delv2_vd delv2_vq delv3_cont delv3_vd delv3_vq i id2_1 ...
id2_2 id2_3 idr_1 idr_2 idr_3 ids_1 ids_2 ids_3 ig2_1 iq2_2 iq2_3 ...
iqr_1 iqr_2 iqr_3 igs_1 igs_2 igs_3 j k N num_states S1 S2 S3 ...
Sd1.2 Sd2_2 Sd3_2 Sd1_3 Sd2_3 Sd3_3 t_end t_ini tspan Te_1 Te_2 Te_3 ...
theta_m_1 theta_m_2 theta_m_3 TL_1 TL_2 TL_3 vdl.1 vdl1.2 vdl.3 ...
vdC vds_1 vds_2 vds_3 vgql_1 vgql_2 vgl 3 vqC vgs_1 vgs_2 vgs_3 ...
wn_1l wm_2 wm_3 x0 deltat theta_e

function [y, IM1, IM2, IM3, Sw] = ThreeIM_lConverter_IFOC_volt_xf(t,
u, ParametersIM, ParametersXF, ParamSys, ParamController)

% STATES

% 1ST MOTOR

lambda_dC_1 = u(1l); % Flux dC (ds + d1) [Wb]
lambda_qC_1 = u(2); % Flux qC (gs + ql) [Wb]
lambda_dr_1 = u(3); % Flux dr [Wb]
lambda_qr_1 = u(4); % Flux qr [Wb]
lambda_d2_1 = u(5); % Flux d2 (xfmr side converter) [Wb]
lambda_g2_1 = u(6); % Flux @2 [Wb]
wr_1 = u(7); % Rotor speed (electric) [rad/s]
theta_r_1 = u(8); 9% Rotor position (electric) [rad]
% INDIRECT FIELD ORIENTED CONTROL (1ST MOTOR)

theta_e = u(9); % Rotor flux angular position (electric) [rad]

I _Action_ CL.w_1 = u(10); % Integral action of the closed loop control of wm
% 2ND MOTOR

lambda_dC_2 = u(1l); % Flux dC (ds + dl1) [Wb]
lambda_qC_2 = u(12); % Flux qC (gs + ql) [Wb]
lambda_dr_2 = u(13); % Flux dr [Wb]
lambda_qr_2 = u(14); % Flux qr [Wb]
lambda_d2_2 = u(15); % Flux d2 (xfmr side converter) [Wb]
lambda_g2_2 = u(16); % Flux @2 [Wb]
wr_2 = u(l7); % Rotor speed (electric) [rad/s]
theta_r_2 = u(1l8); % Rotor position (electric) [rad]
% 3RD MOTOR

lambda_dC_3 = u(19); % Flux dC (ds + dl1) [Wb]
lambda_qC_3 = u(20); % Flux qC (gs + ql) [Wb]
lambda_dr_3 = u(21); % Flux dr [Wb]
lambda_qr_3 = u(22); % Flux qr [Wb]
lambda_d2_3 = u(23); % Flux d2 (xfmr side converter) [Wb]
lambda_q2_3 = u(24); % Flux q2 [Wb]
wr_3 = u(25); 9% Rotor speed (electric) [rad/s]
theta_r_3 = u(26); % Rotor position (electric) [rad]
% CONTROLLER

n = ParamController.order;

% Automatic state—building of the controller, based on its order

xk2 = u(27:27+n—1);

xk2 = reshape(xk2,n,1);

xk3 = u(27+n:27+2xn—1);

xk3 = reshape(xk3,n,1);
N R LI %
% GET SYSPARAMS
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vswM = ParamSys.vswM;
vdM = ParamSys.vdM;
vswD = ParamSys.vswD;
vdD = ParamSys.vdD;

TL1 delta = ParamSys.TL1l variation;
time_delta_TL1 = ParamSys.time_variation_TL1;

TL2 _delta = ParamSys.TL2 variation;
time_delta_TL2 = ParamSys.time_variation_TL2;

TL3_delta = ParamSys.TL3_ variation;
time_delta_TL3 = ParamSys.time_variation_TL3;

if t > time_delta TL1

TL-1 = (1+TL1_delta)*ParametersIM.Tnom;
else

% TL_1 = ParametersIM.Tnom;

TL_1 = 0;
end

if t > time_delta_TL2
TL_2 = (1+TL2_delta)*ParametersIM.Tnom;

else

% TL_2 = ParametersIM.Tnom;
TL.2 = 0;

end

if t > time_delta TL3
TL_3 = (1+TL3_delta)*ParametersIM.Tnom;

else
% TL_3 = ParametersIM.Tnom;
TL_3 = 0;
end
% GET CONTROLLER PARAMS
rn-—— %
% Hysteresis control
h = ParamController.h; % Hysteresis band

% r_ext control

Ak ParamController.Ak;
Bk ParamController.Bk;
Ck = ParamController.Ck;
Dk ParamController.Dk;

Arbitrary Reference Frame (unused)

Stator reference

1st IM
wa_l = 0;
theta_a_1 = 0;

o o° o g° o 4° o° 4°
o

2nd IM
wa_2 = 0;
theta_a_2 = 0;

9 o° o° o°

Auxiliary Equations for the IMs

o° d° o° o°

Transformation of fluxes to currents — DQ components

Linv = ParametersXF.Linv;

% 1ST MOTOR

[ids_1, igs_1, idr_1, iqr_1, id2_1, iq2_1] = Fluxes2Currents_xf(lambda_dC_1,
lambda_qC_1, lambda_dr_1, lambda_qr_1, lambda_d2 1, lambda_g2_1, Linv);

% 2ND MOTOR

[ids_2, iqgs_2, idr_2, iqr_2, id2_2, iq2_2] = Fluxes2Currents_xf(lambda_dC_2,
lambda_qC_2, lambda_dr_2, lambda_qr_2, lambda_d2_ 2, lambda_g2_2, Linv);

% 3RD MOTOR

[ids_3, igs_3, idr_3, iqr_3, id2_3, ig2_3] = Fluxes2Currents_xf(lambda_dC_3,

lambda_qC_3, lambda_dr_3, lambda_qr_3, lambda_d2_3, lambda_g2_3, Linv);

Electromagnetic and Load Torques

Need to use rotor flux & current since stator flux isn't calculated
1ST MOTOR

Te_1 = 3/4xParametersIM.Px(lambda_qr_1.*idr_1 — lambda_dr_1.xiqr_1);

o° o° o°
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2ND MOTOR
e 2 = 3/4xParametersIM.Px(lambda_qr_2.xidr_2 — lambda_dr_2.xiqr_2);
3RD MOTOR
Te_3 = 3/4xParametersIM.Px(lambda_qr_3.xidr_3 — lambda_dr_3.xiqr_3);

o® — o°

% Transformation of electrical rotor speed and electrical angular position
% to mechanical rotor speed and mechanical angular position
% 1st IM

% wm_1l = wr_1/(ParametersIM.P/2);

theta_m_1 = theta_r_1/(ParametersIM.P/2);

% wn_2 = wr_2/(ParametersIM.P/2);
theta_m_2 = theta_r_2/(ParametersIM.P/2);

% wm_2 = wr_2/(ParametersIM.P/2);
theta_m_3 = theta_r_3/(ParametersIM.P/2);

Transforming stator and rotor currents from qd reference to abc variables
Replaced with stationary assumption for efficiency

1st IM

[ias_1, ibs_1, ics_1] = qd2abcs(igs_1, ids_1, theta_a_1);
ibs 1, ics_1] = statbc(igs_1, ids_1);

2nd IM

[ias_2, ibs_ 2, ics_2] = qd2abcs(iqs_2, ids_2, theta_a_2);
ibs 2, ics_2] = statbc(igs_2, ids_2);

3rd IM
%[ias_3, ibs_3, ics_3] = qd2abcs(iqs_3, ids_3, theta_a_3);
[ibs_3, ics_3] = statbc(igs_3, ids_3);

0 = o° o° = o° o° o° o°

1st XFMR

[ia2_1, ib2_1, ic2_1] = qd2abcs(ig2_1, id2_1, theta_a_1);
ib2 1, ic2_1] = statbc(ig2_1, id2_1);

2nd XFMR

[ia2_2, ib2_2, ic2_2] = qd2abcs(ig2_2, id2_2, theta_a_2);
ib2 2, ic2_2] = statbc(iq2_2, id2_2);

3rd XFMR

[ia2_3, ib2 3, ic2 3] = qd2abcs(ig2_3, id2_ 3, theta_a 3);
ib2 3, ic2_3] = statbc(ig2_3, id2_3);

= 0° 0% = o° of — o o°

% Rotor Voltages (squirrel cage) — DQ components
% lst IM
vdr_1 = 0;

0;

= =
[cXo]

<
fe)
=
N
L e O I O T IO

[cXol

INDIRECT (ROTOR) FIELD ORIENTED CONTROL
INDUCTION MOTOR 1

— g® o° o° o°

lambda_dr_star, wm_star] = RefLambdaAndwm(t, ParametersIM);

% Indirect field oriented control drive
[igs_star, ids_star, di_wm_dt, wrf_est] = IFOCDrive(ParametersIM,
lambda_dr_star, wm_star, wr_1, I_Action_CL_w_1);

% Converting currents to abc variables for Hysteresis current control
% Commanded currents

[ias_star, ibs_star, ics_star] = qd2abcs(iqs_star, ids_star, theta_e);
i_abcs_star = [ias_star, ibs_star, ics_star];

% Measured/real currents
i abcs = [igs_1, ibs_ 1, ics_1];

% Hysteresis current control
[S] = myHysteresisCurrentControl(i_abcs', i_abcs_star', h);

% 3phase bridge converter voltages

vdc = ParametersIM.Vs*sqrt(2); % peak of line—to-line voltage

IM = [(igs_1l+igs_2+iqs_3) (ibs_l+ibs_2+ibs_3) (ics_l+ics_2+ics_3)];
[vas, vbs, vcs] = my3PhaseConverterVoltLoss(S', vdc, vswM, vdM, IM);

% Converting vabcs voltages to vqds
[vgsC, vdsC] = statqd(vas, vbs, vcs);
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VOLTAGE ADJUSTMENT CONTROL
INDUCTION MOTOR 2

a° o° o° o°

CONTROLLER EQUATIONS

Controller input vector uk
For now, only the position error

o o° o° o° o°
o

uk2(1) = theta_m_1 — theta_m_2;
xk2_dot = Akxxk2 + Bkxuk2;
yk2 = Ckxxk2 + Dkxuk2;

uk3(1) = theta_m_1 — theta_m_3;
xk3_dot = Akxxk3 + Bkxuk3;
yk3 = Ckxxk3 + Dkxuk3;

Controller output vector yk

For now, only motor 2/3 voltage adjustment

delv2_cont: continuous variable voltage drop, ideal target
For PI controller, yk is in units of V/rad

delv2_cont = yk2(1);

delv2_cont max (delv2_cont,0);

delv2_cont min(delv2_cont,ParamController.delv_max);

o o° o° o°

delv3_cont
delv3_cont
delv3_cont

yk3(1);
max(delv3_cont,0);
min(delv3_cont,ParamController.delv_max);

% Calculate voltage drops for motor 1 using dummy converter for symmetry
_d2 = [false false false true true true];
ID = [ia2_1, ib2_ 1, ic2_1];
= [ig92_1, ib2_1, ic2_1];
ad, vbd, vcd] = my3PhaseConverterVoltLoss(S_d2, 0, vswD, vdD, ID);
Transforming vabcs to vds and vgs
Replaced with stationary assumption for efficiency
[vqd, vdd] = abcs2qd(vad, vbd, vcd, theta_a_1);
vqd_1, vdd_1] = statqd(vad, vbd, vcd);
Refer variable
vg2_1 = (vqd_lxParametersXF.N);
vd2_1 = (vdd_1xParametersXF.N);
if t > ParamController.tstart
Controlable voltage drop via sine—triangle PWM, assuming synchronization
d = 4.987654321e3;
c_d = vdc * ParametersXF.vdcR;

= 0% o° B H P N

f_
vd
% Motor 2

vqd_e = delv2_cont / ParametersXF.N;

vdd_e = 0;

[S.d2,~,~,~,~] = my3HarmonicSineTri v2(t, theta_e, vqd_e, vdd_e, vdc_d, f_d);
% ID = [ia2_2, ib2_2, ic2_2];

ID = [ig2_2, ib2 2, ic2 2];

[vad, vbd, vcd] = my3PhaseConverterVoltLoss(S_d2, vdc_d, vswD, vdD, ID);

% Transforming vabcs to vds and vgs

% Replaced with stationary assumption for efficiency
% [vqd, vdd] = abcs2qd(vad, vbd, vcd, theta_a_2);
[vqd_2, vdd_2] = statqd(vad, vbd, vcd);

% Refer variable

vg2_2 = (vqd_2*ParametersXF.N);

vd2_2 = (vdd_2xParametersXF.N);

% Motor 3

vqd_e = delv3_cont / ParametersXF.N;

vdd_e = 0;

[S_d3,~,~,~,~] = my3HarmonicSineTri_v2(t, theta_e, vqd_e, vdd_e, vdc_d, f_d);

% ID = [ia2_3, ib2_3, ic2_3];

ID = [ig2_3, ib2_3, ic2_3];

[vad, vbd, vcd] = my3PhaseConverterVoltLoss(S_d3, vdc_d, vswD, vdD, ID);
% Transforming vabcs to vds and vgs

% Replaced with stationary assumption for efficiency

% [vqd, vdd] = abcs2qd(vad, vbd, vcd, theta_a_2);

[vgqd_3, vdd_3] = statqd(vad, vbd, vcd);

% Refer variable
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vQg2

_3 = (vqd_3*ParametersXF.N);

vd2_3 (vdd_3xParametersXF.N);
else
% Voltage drop is only active when torques are different
% Since motors are identical in this state, use same voltages
S_d3 = S_d2;
vqd_2 = vqd_1;
vdd_2 = vdd_1;
vqd_3 = vqd_1;
vdd_3 = vdd_1;
vg2_2 = vq2_1;
vd2_2 = vd2_1;
vg2_3 = vq2_1;
vd2_3 = vd2_1;
end
% OUTPUT STRUCTURES
% Switching states
Sw.S = S;
Sw.S_d2 = S_d2;
Sw.S_d3 = S_d3;
% 1lst motor
IM1.TL = TL_1;
IM1.Te = Te_1;
IM1.vqC = vqsC;
IM1.vdC = vdsC;

o
)

IM1.delvl_vd

IMl.wa = wa_1;
% IMl.theta_a = theta_a_1;
IM1.delvl_vq = vqd_1;

vdd_1;

IM1l.wm_star = wm_star;

% 2nd motor

o o HH

IM2.delv2_vq
IM2.delv2_vd

M2.TL = TL_2;
M2.Te

= Te_2;

IM2.wa = wa_2;
IM2.theta_a = theta_a_2;

vqd_2;
vdd_2;

IM2.delv2_cont = delv2_cont;

M
M

0% o° H H o°

IM3.delv3_vq
IM3.delv3_vd

3rd motor
3.TL = TL_3;
3.Te = Te_3;

IM3.wa = wa_3;
IM3.theta_a = theta_a_3;

vqd_3;
vdd_3;

IM3.delv3_cont = delv3_cont;

% Extracting parameters here, assuming identical motors

rs
rr
rl
r2
J
P
b

Equations used

Pa
Pa
Pa
Pa
Par
Par
Par

rametersIM.rs;
rametersIM.rr;
rametersXF.rl;
rametersXF.r2;
ametersIM.J;
ametersIM.P;
ametersIM.b;

are altered to assume stationary ref. frame for efficiency

©

o

o o° o o° o o° o o° o° o°

1ST MOTOR
= vdC_1 — (rs+rl)*ids_1 + wa_1 * lambda_qC_1; % lambda_dC_1
= vqC_1 — (rs+rl)*iqs_1 — wa_1 * lambda_dC_1; % lambda_qC_1
= vdr_1 — rrxidr_1 + (wa_l—wr_1)x*lambda_qr_1; % lambda_dr_1
=vqr_1— rrxiqr_1 — (wa_l-wr_1)x*lambda_dr_1; % lambda_qr_1
= vd2_1— r2+*id2_1 + wa_1 * lambda_q2_1; % lambda_d2_1
= vg2_1 — r2+xig2_.1 — wa_1 * lambda_d2_1; % lambda_q2_1
vdsC — (rs+rl)*ids_1; % lambda_dC_1
vgqsC — (rs+rl)x*iqs_1; % lambda_qC_1
vdr_1 — rrxidr_1 — wr_1lxlambda_qr_1; % lambda_dr_1

]



y(4) = vqr_1 — rrxiqr_1 + wr_lxlambda_dr_1; % lambda_qr_1
y(5) = vd2_1 — r2xid2_1; % lambda_d2_1
y(6) = vg2_1 — r2xiq2_1; % lambda_q2_1
y(7) = (1/3)*((Te_1-TL_1)*P/2 — bxwr_1); % wr_1

y(8) = wr_1; % theta_r_1

INDIRECT FIELD ORIENTED CONTROL (1ST MOTOR)

y(9) = wrf_est; % Rotor flux angular position (electric)

y(10) = di_wm_dt; % Integral action of the closed loop control of wm

% 2ND MOTOR

rn-—m %
% y(11) = vdC_1 — (rs+rl)*xids_2 + wa_2 * lambda_qC_2; % lambda_dC_2
% y(12) = vgqC_1 — (rs+rl)*xigqs_2 — wa_2 * lambda_dC_2; % lambda_qC_2
% y(13) = vdr_2 — rrxidr_2 + (wa_2-wr_2)+lambda_qr_2; % lambda_dr_2
% y(14) = vqr_2 — rr*xiqr_2 — (wa_2—wr_2)x*lambda_dr_2; % lambda_qr_2
% y(15) = vd2_2 — r2*id2_2 + wa_2 * lambda_q2_2; % lambda_d2_2
% y(16) = vgq2_2 — r2xiq2_2 — wa_2 * lambda_d2_2; % lambda_q2_2
y(11) = vdsC — (rs+rl)x*ids_2; % lambda_dC_2

y(12) = vqsC — (rs+rl)x*iqs_2; % lambda_qC_2

y(13) = vdr_2 — rrxidr_2 — wr_2xlambda_qr_2; % lambda_dr_2

y(14) = vqr_2 — rrxiqr_2 + wr_2xlambda_dr_2; % lambda_qr_2

y(15) = vd2_2 — r2xid2_2; % lambda_d2_2

y(16) = vg2_2 — r2xiq2_2; % lambda_q2_2

y(17) = (1/3)*((Te_2—TL_2)*P/2 — b*wr_2); % wr_2

y(18) = wr_2; % theta_r_2

% 3RD MOTOR

y(19) = vdsC — (rs+rl)*ids_3; % lambda_dC_3

y(20) = vgqsC — (rs+rl)x*iqs_3; % lambda_qC_3

y(21) = vdr_3 — rrxidr_3 — wr_3xlambda_qr_3; % lambda_dr_3

y(22) = vqr_3 — rrxiqr_3 + wr_3*lambda_dr_3; % lambda_qr_3

y(23) = vd2_3 — r2xid2_3; % lambda_d2_3

y(24) = vg2_3 — r2xiq2_3; % lambda_q2_3

y(25) = (1/3)*((Te_3—TL_3)*P/2 — bxwr_3); % wr_3

y(26) = wr_3; % theta_r_3

o
©

CONTROLLER
Automatic state-building diff. equations of the controller, based on its order
y(27:27+n—1) = xk2_dot;
y(27+n:27+2*xn—1) = xk3_dot;

e — %

o° d° o° o°

B.S5 Auxiliary Functions

Inputs are the abc phase variables in the stationary reference frame and
the angle of the arbitrary rotating reference frame theta.

Outputs are the qd variables in the (arbitrary) rotating reference
frame.

function [x_q, x_d] = abcs2qd(x_as, x_bs, x_cs, theta)

o° o o° of

% Reshaping the vectors so all of them are column vectors
n = numel(theta);

theta = reshape(theta,n,1);

x_as = reshape(x_as,n,1);

Xx_bs = reshape(x_bs,n,1);

X_cs = reshape(x_cs,n,1);

2/3*(x_as.*cos(theta)+x_bs.*cos(theta—2+pi/3)+x_cs.*cos(theta+2xpi/3));
2/3x(x_as.*sin(theta)+x_bs.*sin(theta—2*pi/3)+x_cs.*sin(theta+2xpi/3));

X-q
x_d
end

function wrm_star = DesiredSpeed(t)

NumPoints = length(t);
wrm_star = zeros(NumPoints,1);

ommanded speed set as a ramp from t=0.1 to t=2.6 with final value of
88.5 rad/s
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wrm_final = 188.5;
slope = wrm_final/(t_2—t_1);

for i = 1:NumPoints
if t(i) >= t.1 & t(i) < t.2
wrm_star(i) = slopex(t(i)—t_1);
elseif t(i) >= t_2
wrm_star(i) = wrm_final;
end
end

end

[Translated from original description in Portugesel

Function that transforms fluxes to currents using passed machine
parameters. The fluxes and currents are in DQ components.

Flux can be passed as 4 vectors, one for each flux value,

in order: lambda_ds, lambda_qs, lambda_dr, lambda_qr; or a matrix,

with 4 columns, referring to each of the fluxes, and as many

rows as needed to describe time behavior of fluxes. The output currents
will match the inputs, and may be scalars or vectors.
unction [ids, iqs, idr, iqr]l= Fluxes2Currents(lambda_ds, lambda_gs,

lambda_dr, lambda_qr, ParamatersIM)

—h 0° d° o° o o° o o° o°

NumPoints = length(lambda_ds);

ids = zeros(NumPoints,1);

igs = zeros(NumPoints,1);

idr = zeros(NumPoints,1);

igr = zeros(NumPoints,1);

for i = 1:NumPoints
D = ParamatersIM.LsxParamatersIM.Lr—ParamatersIM.Lm"2;
MatrizTransformation = 1/Dx[ParamatersIM.Lr —ParamatersIM.Lm;

—ParamatersIM.Lm ParamatersIM.Ls];

Vetor_Correntes_d = MatrizTransformationx[lambda_ds(i); lambda_dr(i)];
Vetor_Correntes_q = MatrizTransformation*[lambda_qs(i); lambda_qr(i)];
ids(i,1) = Vetor_Correntes_d(1l); % i_ds
igs(i,1l) = Vetor_Correntes_q(l); % i .qgs
idr(i,1) = Vetor_Correntes_d(2); % i_.dr
iqr(i,1) = Vetor_Correntes_q(2); % i qr

end

end

function [ids, iqs, idr, iqr, 1id2, iq2]= Fluxes2Currents_xf(lambda_dC,
lambda_qC, lambda_dr, lambda_qr, lambda_d2, lambda_qg2, Linv)

NumPoints = numel(lambda_dC);

ids = zeros(NumPoints,1);
igs = zeros(NumPoints,1);
idr = zeros(NumPoints,1);
igr = zeros(NumPoints,1);
id2 = zeros(NumPoints,1);
ig2 = zeros(NumPoints,1);

for i = 1:NumPoints
Currents_d = Linvx[lambda_dC(i); lambda_dr(i); lambda_d2(i)];
Currents_q = Linvx[lambda_qC(i); lambda_qr(i); lambda_qg2(i)];

ids(i,1) = Currents_d(1l); % i_ds
igqs(i,1) = Currents_q(l); % i_gs
idr(i,1) = Currents_d(2); % i_dr
iqr(i,1) = Currents_q(2); % i gr
id2(i,1) = Currents_d(3); % i d2
ig2(i,1) = Currents_q(3); % i 92

end

end

function [igs_star, ids_star, di_wm_dt, we, Tem_ref] = IFOCDrive(ParametersIM,
lambda_dr_star, wm_star, wr, I_Action_CL_w, t)
% Serves for both single time and time vector

% CLOSE-LOOP SPEED CONTROL

% Tunning kp_wm and ki_wm of the PI controller
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tau_wm = 0.1;

% tau_wm = 0.02;

pl = 1/(tau_wm);

p2 = 5%pl;

kp_wm = (pl+p2)*ParametersIM.J _est — ParametersIM.b_est;
ki_wm = plsp2*xParametersIM.J_est;

% Speed error to feed the PI controller
wm = wr/(ParametersIM.P/2); % rotor electrical speed to mechanical speed
wm_error = wm_star—wm;

% PI action on speed error to generate commanded torque
Tem_ref = kp_wmxwm_error + I_Action_CL_w;

% Saturation and anti—windup effect

% Max and min torque values (saturation):
Te_max = 1l0+ParametersIM.Tnom;

Te_min = —Te_max;

di_wm_dt = zeros(1l,length(lambda_dr_star));
for i = 1:length(Tem_ref)

% Saturation at Te_max
Tem_ref(i) = min(Tem_ref(i), Te_max);

% Saturation at Te_max
Tem_ref(i) = max(Tem_ref(i), Te_min);

% Anti—windup integration:
if (Tem_ref(i) == Te_max) && (wm_error(i)*I_Action_CL_w(i))>0
di_wm_dt(i) = 0;

elseif (Tem_ref(i) == Te_min) && (wm_error(i)*I_Action_CL_w(i))>0
di_wm_dt(i) = 0;

else
di_wm_dt(i) = ki_wmswm_error(i);

end

end

°
s s
° °
s s
% igs_star and ids_star Calculations
R e e %

% ids_star depending on the commanded flux (algebraic relationship)
ids_star = lambda_dr_star/ParametersIM.Lm_est;

% iqs_star depending on the commanded torque (algebraic relationship)
k_Tem = 3/4xParametersIM.P«ParametersIM.Lm_est/ParametersIM.Lr_est;
igs_star = Tem_ref/k_Tem./(lambda_dr_star+eps);

Slip/we Calculations

Rotor flux speed estimation (indirect control)
we = ParametersIM.rr_est/ParametersIM.Lr_estx(igs_star./(ids_star+eps))+wr;

o o
s 3
end

function [S, da, db, dc, tri] = my3HarmonicSineTri_v2(t, theta_e, vqgs_e, vds_e, Vdc, f_sw)

o
6 ]

FUNCTION DESCRIPTION

Function that implements sine—triangle modulation with third—-harmonic
injection

Reference: Analysis of Electric Machinery and Drive Systems, P.C Krause,
2nd Edition, Chapter 13

INPUTS:

t: simulation time [s]

theta_e: electrical angle of the commanded voltages [rad]

vgs_e, vds_e: qds input voltages in the synchronous reference frame (commanded values) [V]
Vdc: power converter DC voltage (peak of the line—to—line voltage) [V]

f_sw: switching frequency [Hz]

0° 0° o° o° o d° o° d° o° o° o° o O° o o°
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OUTPUTS:
S: vector with the 6 switching states: T1 — T6

° o° o°

AUXILIARY EQUATIONS

Converter angle (electrical angle minus the angle of the complex vector
vqds_e)
theta_c = theta_e — angle(vgs_e — lixvds_e);

0° o° o° o° o°
o

% Limits the angle in the interval [0, 2xpi) TODO: Maybe this is dispensable...
theta_c = mod(theta_c, 2xpi);

% Frequency of the triangle waveform
omega_tri = 2xpixf_sw; % [rad/s]

% Amplitude of the main voltage

d = sqrt(vgs_e.”2 + vds_e.”2)/(0.5xVdc);
% Amplitude of third-harmonic injection
d3 = d/6;

o°

1st: Generate sawtooth (triangle waveform), tri (between —1 and 1)
tri = sawtooth(omega_trixt, 0.5);

% 2nd: Third harmonic injection

da = dxcos(theta_c) — d3x*cos(3xtheta_c);

db = dxcos(theta_c — 2xpi/3) — d3xcos(3xtheta_c);
dc = dxcos(theta_c + 2xpi/3) — d3xcos(3xtheta_c);

% 3rd: Generate the output logical signals: Tl — T6
% a—phase

Tl = da>= tri;

T4 = ~T1;

% b—phase

T2 = db>= tri;

T5 = ~T2;

% c—phase

T3 = dc>= tri;

T6 = ~T3;

% 4th: Build output vector S with the logical signals T1-T6
S = [T1, T2, T3, T4, T5, T6];

end

function [vas, vbs, vcs] = my3PhaseConverterVoltLoss(S, vdc, vsw, vd, I)

FUNCTION DESCRIPTION

Function that determines the 3—phase bridge converter output voltages.
Incorporates switching losses.

Reference: Analysis of Electric Machinery and Drive Systems, P.C Krause,
2nd Edition, Chapter 13

INPUTS:

S: vector with the 6 switching states: Tl — T6

vdc: dc voltage applied to the converter bridge [V]
vsw: switch voltage drop (for "forward" current)
vd: diode voltage drop (for "backward" current)

I: vector with the 3 currents (ias, ibs, ics)

0° 0° o° o° o o o o o o° o° P o o° o°

OUTPUTS:
vas, vbs, vcs: line—to—neutral 3—phase voltages

a° o° of

o

s 1st: Generate line—to—ground voltages

if S(1)

vag = vdc — (vsw * (I(1)>0)) + (vd * (I(1)<0));
else

vag = — (vd * (I(1)>0)) + (vsw * (I(1)<0));
end
if S(2)

vbg = vdc — (vsw * (I(2)>0)) + (vd * (I(2)<0));
else

vbg = — (vd x (I(2)>0)) + (vsw x (I(2)<0))
end
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if S(3)
vcg = vdc — (vsw * (I(3)>0)) + (vd * (I(3)<0));
else
vcg
end

— (vd x (I(3)>0)) + (vsw x (I(3)<0));

% 2nd: Generate line—to—neutral voltages

vas = 2/3xvag — 1/3x(vbg + vcg);
vbs = 2/3xvbg — 1/3x(vag + vcg);
vcs = 2/3+xvcg — 1/3%(vag + vbg);
end

function [S] = myHysteresisCurrentControl(i_abcs, i _abcs_star, h)
% Serves for both single time and time vector

% Way to hold previous state
persistent S_old;
if isempty(S_old)

S.old =1[0; 1; 0; 1; 0; 1];
end

% In case of time vector case, has to allocate memory
num_points = numel(i_abcs)/3;

Tl = zeros(1l,num_points);
T2 = zeros(1l,num_points);
T3 = zeros(1l,num_points);
T4 = zeros(1l,num_points);
T5 = zeros(1,num_points);
T6 = zeros(1l,num_points);
S = zeros(6,num_points);

for i=1l:num_points
% Current i_as and switches T1 and T4
if i_abcs(1,i) > i_abcs_star(l,i) + h

T1(i) = 0;
T4(i) = 1;
elseif i_abcs(1l,i) < i_abcs_star(1l,i) — h
T1(i) = 1;
T4(i) = 0;
else
T1(i) = S_old(1);
T4(i) = S_old(4);

end

% Current i_bs and switches T2 and T5
if i_abcs(2,i) > i_abcs_star(2,i) + h

T2(i) = 0;
T5(1i) = 1;
elseif i_abcs(2,i) < i_abcs_star(2,i) — h
T2(i) = 1;
T5(i) = 0;
else
T2(i) = S_old(2);
T5(i) = S_old(5);

end

% Current i_cs and switches T3 and T6
if i_abcs(3,i) > i_abcs_star(3,i) + h

T3(i) = 0;
T6(i) = 1;
elseif i_abcs(3,i) < i_abcs_star(3,i) — h
T3(i) = 1;
T6(i) = 0;
else
T3(i) = S_old(3);
T6(i) = S_old(6);

end

% Build output vector S from the logical signals T1-T6
S(:,1) = [T1(i); T2(i); T3(i); T4(i); T5(i); T6(i)1;

S_old = S(:,1);
end

end

function [S] = myPWM(t, d, f_sw)

% FUNCTION DESCRIPTION



Function that implements pulse—width modulation.

Reference: Analysis of Electric Machinery and Drive Systems, P.C Krause,
2nd Edition, Chapter 13

% INPUTS:

% t: time value [s]
% omega_c: converter frequency [rad/s]
% d: duty cicle

% f_sw: switching frequency [Hz]

OUTPUTS:
S: vector with the 6 switching states: T1 — T6

AUXILIARY EQUATIONS

o° d° o° o°

Frequency of the triangle waveform
mega_tri = 2xpixf_sw; % [rad/s]

d° O

% 2nd: Generate sawtooth (triangle waveform), tri
tri = 0.5 + 0.5xsawtooth(omega_tri x t, 0.5);

3rd: Generate comparator output, c
hreshold = le—4;
=d > (tri + threshold);

O+ o°

% 4th: Generate the output logical signals: Tl — T6

Tl = c;

% 5th: Build output vector S from the logical signals T1-T6
S =T1;

end

Inputs are the qd variables in the arbitrary reference frame and angle
of the arbitrary rotating reference frame theta.

Outputs are the abc variables in the stationary reference frame
function [x_as, x_bs, x_cs] = gd2abcs(x_q, x_d, theta)

o° o° o°

% Reshaping the vectors so all of them are column vectors
n = numel(theta);

theta = reshape(theta,n,1);

x_q = reshape(x_q,n,1);

x_d = reshape(x_d,n,1);

X_as = x_g.xcos(theta) + x_d.*sin(theta);

X_bs = x_q.*xcos(theta—2+pi/3) + x_d.xsin(theta—2*pi/3);

X_CS X_q.*cos (theta+2xpi/3) + x_d.*sin(theta+2xpi/3);

% Inputs are the qd variables in the old arbitrary reference frame and
% difference in angle betweeen the reference frames (new — old).
% Outputs are the qd variables in the new reference frame

function [y_q, y_d] = qd2qd(x_qg,x_d,theta)

n = numel(theta);
theta = reshape(theta,n,1);
x_q = reshape(x_q,n,1);

x_d = reshape(x_d,n,1);

y-q = x_q.*cos(theta) — x_d.*sin(theta);
y_d = x_q.*sin(theta) + x_d.x*cos(theta);
end

function [lambda_dr_ref, wm_ref] = RefLambdaAndwm(time, ParametersIM)
lambda_nom = sqrt(2/3)*ParametersIM.Vs/(2xpixParametersIM.f);
t_lambda_nom = 0.5;

lambda_ref_slope = lambda_nom/t_lambda_nom;

wm = 1800xpi/30;

t.1wm = 0.6;
t_2_wm = 1.5;
% t_1l.wm = 1;
% t-2_wm = 1.5;
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wm_slope_acc wm/ (t_2_wm — t_1_wm);
t_3_wm 100;
t_4_wm = 200;
wm_slope_des

wm/ (t_4_wm — t_3_wm);
NumPoints = length(time);

lambda_dr_ref = zeros(NumPoints,1);
wm_ref = zeros(NumPoints,1);

for i 1:NumPoints
if time(i) < t_lambda_nom
lambda_dr_ref(i) = lambda_ref_slopextime(i);
wm_ref(i) = 0;
elseif time(i) >= t_lambda_nom && time(i) < t_1_wm
lambda_dr_ref(i) = lambda_nom;
wn_ref(i) = 0;
elseif time(i) >= t_1 wm && time(i) < t_2_wm
lambda_dr_ref(i) = lambda_nom;
wm_ref (i) wm_slope_acck(time(i)—t_1 wm);
elseif time(i) >= t_2_wm && time(i) < t_3_wm
lambda_dr_ref(i) = lambda_nom;
wn_ref(i) = wm;
elseif time(i) >= t_3_wm && time(i) < t_4_wm
lambda_dr_ref(i) = lambda_nom;
wm_ref (i) wm — wm_slope_desx*(time(i)—t_3_wm);
elseif time(i) >= t_4_wm
lambda_dr_ref(i) = lambda_nom;
wm_ref(i) = 0;
end

end

end

function ParametersIM = ReturnParametersIM_15hp
% 15 hp Motor — Kirtley (Electric power principles: sources, conversion,
% distribution and use, Wiley, 2010) p. 293

ParametersIM.rs = 0.06; % Stator resistance [ohms]

ParametersIM.rr = 0.15; % Rotor resistance [ohms]

ParametersIM.Lls = 0.44/(2*xpix60); % Stator leakage inductance [Henry]
ParametersIM.Llr = 0.43/(2xpix60); % Rotor leakage inductance [Henry]
ParametersIM.Lm = 12.6/(2*pix60); % Magnetizing inductance [Henry]
ParametersIM.] = 0.445; % Inertia [kg.m"2]
ParametersIM.P = 4; % Pole numbers

ParametersIM.Vs = 240; % Rated voltage (line—to—line rms) [V]
ParametersIM.Ls = ParametersIM.Lls + ParametersIM.Lm;

ParametersIM.Lr = ParametersIM.Llr + ParametersIM.Lm;

ParametersIM.Lsprime = ParametersIM.Ls — ParametersIM.Lm”2/ParametersIM.Lr;
ParametersIM.rsprime = ParametersIM.rs + ParametersIM.rrxParametersIM.Lm”2/ParametersIM.Lr*2;
% ParametersIM.b = 0.00; % Friction factor
ParametersIM.b = 5.41e—4; % Friction factor
ParametersIM.Pnom = 15%746; % Nominal motor power [W]
ParametersIM. f =  60; % Nominal frequency
ParametersIM.speed = 1710x%pi/30; % Nominal rotor speed [rad/s]
ParametersIM.Tnom = ParametersIM.Pnom/(ParametersIM.speed); % Nominal torque

% ESTIMATED PARAMETERS

ParametersIM.rs_est = ParametersIM.rs;

ParametersIM.rr_est = ParametersIM.rr;

ParametersIM.Lls_est = ParametersIM.Lls;

ParametersIM.Llr_est = ParametersIM.Llr;

ParametersIM.Lm_est =  ParametersIM.Lm;

ParametersIM.J_est = ParametersIM.J;

ParametersIM.b_est = ParametersIM.b;

ParametersIM.Ls_est = ParametersIM.Lls_est + ParametersIM.Lm_est;

ParametersIM.Lr_est = ParametersIM.Llr_est + ParametersIM.Lm_est;
ParametersIM.Lsprime_est = ParametersIM.Ls_est — ParametersIM.Lm_est”2/ParametersIM.Lr_est;
ParametersIM.rsprime_est = ParametersIM.rs_est + ParametersIM.rr_est*ParametersIM.Lm_est~2/ParametersIM.Lr_est"2;
end

% Inputs are the qd variables in the stationary reference frame.

% Outputs are the b and c variables. In this ref. frame, a=q
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function [x_b, x_c] = statbc(x_q,x_d)

n = numel(x_q);

Xx_q = reshape(x_q,n,1);

x_d = reshape(x_d,n,1);

x_b = x_q.*—0.5 — x_d.*sqrt(3)/2;
X_C = x_q.*0.5 + x_d.*sqrt(3)/2;
end

% Inputs are the abc phase variables in the stationary reference frame.
% Outputs are the qd variables in the stationary reference frame.
function [x_q, x_d] = statqd(x_as, x_bs, x_cs)

% Reshaping the vectors so all of them are column vectors
n = numel(x_as);

Xx_as = reshape(x_as,n,1);

x_bs = reshape(x_bs,n,1);

X_cs = reshape(x_cs,n,1);

X_q = 2/3*(x_as+x_bs.*—0.5+x_cs.*—0.5);

x_d = 2/3x(x_bs.x—sqrt(3)/2+x_cs.*sqrt(3)/2);

end

///////////////////////////////////////////////////////////////////////////

% FullPowerAnalysis.m

% Analyze data for synchronization methods and generate plots.

% Run after loading data from runs of both sync methods
0,0,040:0,0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0,0.0.0.0.0.0.0.0.0.0.0.0.0,0.0.0.0:0.0:0.0.0.0.0.0.0.0.0:0.0.0.0.0.0.0.0.0.0.0.0.0.0
596966 %66 %66 %6 6% %6 %6 %6 %6 %6 %6 %% %6 %6 %% %6 %6 %% %6 %66 %66 %6 %% %% % %% %% %% %% %66 %66 %% %% %% %% %% %% %% 6% %6 % %6 % %6 % %6 % %

%% Steady state slip calculation and voltage drop estimation
P = ParametersIM.P;
we = [diff(R_theta_e) diff(theta_e_out)]/(t(2)—t(1));

we = mean(we(500000:end,:));

% Average estimate across runs to account for losses

wr = mean([R_wm_1(500000:end) wm_1_out(500000:end,:)]1*P/2);
s = (wewr)./we;

% Calculate reactances

Xm = Lmxwe;

Xss = (Lls+Lm)=xwe;

Xrr = (Llr+Lm)*we;

% Proportionality constant

K = 3%P/2.%(Xm."2/we) .*xrr.*xs./((rsxrr+s.x(Xm.”2—Xss.*Xrr)).”2+(rrxXss+s.*xrs.xXrr).”2);
% Steady-state voltage drops, using nominal voltage as base

Vasl = ParametersIM.Vs/sqrt(3);

—Vasl+sqrt(Vasl~2+TL2 variation.x*ParametersIM.Tnom./K);
—Vasl+sqrt(Vasl~2+TL3_variation.*ParametersIM.Tnom./K);

% Energy measurements are over sync period (excluding startup)
%% Compute power and energy measurements for resistor method
% Power into main converter

[R_ias_1, R_ibs_1, R_ics_1] statabcMult(R_igs_1, R_ids_1);
[R_ias_2, R_ibs_2, R_ics_2] statabcMult(R_iqs_2, R_ids_2);
[R_ias_3, R_ibs_3, R_ics_3] = statabcMult(R_igs_3, R_ids_3);
R_ias_tot = R_ias_1+R_ias_2+R _ias_3;

R_ibs_tot R_ibs_1+R_ibs_2+R_ibs_3;

R_ics_tot = R.ics_1+R_ics_2+R_ics_3;

R_idc = R_S1.*R_ias_tot + R.S2.xR_ibs_tot + R_.S3.*R_ics_tot;
vdc = ParametersIM.Vsx*sqrt(2);

R_pdc = R_idc.x*vdc;

R_Edc = trapz(t(200001:end), R_pdc(200001:end));

% Power output of main converter

[R_vasC, R_vbsC, R_vcsC] = statabcMult(R_vgsC, R_vdsC);

R_pCout = R_vasC.*R_ias_tot + R_vbsC.*R_ibs_tot + R_vcsC.*R_ics_tot;

R_ECout = trapz(t(200001:end), R_pCout(200001:end));

% Power input to motors

[R_vas_1, R_vbs_1, R_vcs_1] statabcMult(R_vgs_1, R_vds_1);

[R_vas_2, R_vbs_2, R_vcs_2] statabcMult(R_vqgs_2, R_vds_2);

[R_vas_3, R_vbs_3, R_vcs_3] statabcMult(R_vgs_3, R_vds_3);

R_pmot = (R_vas_1.*R_ias_1) + (R_vas_2.*R_ias_2) + (R_vas_3.xR_ias_3) + ...
(R_vbs_1.%R_ibs_1) + (R_vbs_2.xR_ibs_2) + (R_vbs_3.*R_ibs_3) + ...
(R_vcs_1.*%R_ics_1) + (R_vecs_2.*%R_ics_2) + (R_vcs_3.xR_ics_3);

R_Emot = trapz(t(200001:end), R_pmot(200001:end));
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% Electrical efficiency
R_effE = R_Emot/R_Edc;

% Power lost in resistors (neglecting switching losses)

R_ploss2 = ((R_ias_2).72 + (R_ibs_2).”2 + (R_ics_2).72) .* ...
rext2_pwm;

R_ploss3 = ((R_ias_3).”2 + (R_ibs_3).”2 + (R_ics_3).72) .x ...
rext3_pwm;

R_ploss = R_ploss2 + R_ploss3;

R_Eloss = trapz(t(200001:end),R_ploss(200001:end));

% Power output of motors (mechanical)
R pTm = (R.TL_.1.%xR.wm 1) + (R.TL.2.xR.wm_2) + (R_.TL_3.*R_wm_3);
R_ETm = trapz(t(200001:end), R_pTm(200001:end));

% Motor efficiency
R_effMot = R_ETm/R_Emot;

% Full system electromechanical efficiency
R_effTm = R_ETm/R_Edc;

%% Compute power and energy measurements for aux converter method
% Power into main converter

[ias_1, ibs_ 1, ics_1] = statabcMult(iqs_1 out, ids_1 out);
[ias_2, ibs_2, ics_2] statabcMult(igs_2_out, ids_2 out);
[ias_3, ibs_3, ics_3] statabcMult(igs_3_out, ids_3_out);

NI

ias_tot = ias_1 + ias_2 + ias_3;
ibs_tot = ibs_1 + ibs_2 + ibs_3;
ics_tot = ics_1 + ics 2 + ics_3;

idc = S1_out.x*ias_tot + S2_out.xibs_tot + S3_out.xics_tot;
% vdc = ParametersIM.Vsx*sqrt(2);

pdc idc.x*vdc;

Edc trapz(t(200001:end), pdc(200001:end,:));

% Power output of main converter

[vaC, vbC, vcC] = statabcMult(vql_1_out+vqgs_1_out, vdl_1 out+vds_1_out);
pCout = vaC.xias_tot + vbC.xibs_tot + vcC.x*xics_tot;

ECout = trapz(t(200001:end), pCout(200001:end,:));

% Power input to motors

[vas_1, vbs_1, vcs_1] = statabcMult(vgs_1 out, vds_1 out);

[vas_2, vbs_2, vcs_2] = statabcMult(vgs_2_out, vds_2_ out);

[vas_3, vbs_3, vcs_3] = statabcMult(vgs_3_out, vds_3_out);

pmot = (vas_l.xias_1) + (vas_2.*xias_2) + (vas_3.xias_3) + ...
(vbs_1.xibs 1) + (vbs_2.xibs 2) + (vbs_3.xibs 3) + ...
(ves_1l.xics_1) + (vcs_2.xics_2) + (vcs_3.xics_3);

Emot = trapz(t(200001:end), pmot(200001:end,:));

% Electrical efficiency
effE = Emot./Edc;

% Power input to auxiliary converters
[ia2_1, ib2_ 1, ic2_1] = statabcMult(iq2_1 out, id2_1 out);
[ia2_2, ib2_2, ic2_2] statabcMult(ig2_2_out, id2_2 out);
[ia2_3, ib2_3, ic2_3] statabcMult(ig2_3_out, id2_3_out);
delv2_idc = zeros(size(ia2_2));
delv3_idc = zeros(size(ia2_2));
for k=1:numel(Nlist)
N = Nlist(k);
delv2_idc(:,k) = N*(Sd1_2_out(:,k).*ia2_2(:,k) + ...
Sd2_2 out(:,k).*ib2_2(:,k) + Sd3_2 out(:,k).*ic2_2(:,k));
delv3_idc(:,k) = Nx(Sd1_3_out(:,k).*xia2_3(:,k) + ...
Sd2_3_out(:,k).*ib2_3(:,k) + Sd3_3_out(:,k).*xic2_3(:,k));

end
aux_idc = delv2_idc + delv3_idc;
delv_pdc = zeros(size(aux_idc));
for k=1:numel(vdcRlist)
delv_vdc = vdc * vdcRlist(k);
delv_pdc(:,k) = aux_idc(:,k) .x delv_vdc;
end
delv_Edc = trapz(t(200001:end), delv_pdc(200001:end,:));
% Power leaving motor lines
[val_1, vbl 1, vcl 1] = statabcMult(vql_ 1 out, vdl_1 out);
[val 2, vbl 2, vcl 2] = statabcMult(vql_2_out, vdl_2 out);
[val_3, vbl 3, vcl 3] = statabcMult(vql 3_out, vdl 3_out);
delv_pmot = (val_l.xias_1 + vbl 1.xibs_ 1 + vcl_ 1l.xics_1 + ...
val 2.*xias_2 + vbl 2.xibs_2 + vcl 2.*xics_2 + ...
val_3.xias_3 + vbl_3.*ibs_3 + vcl_3.xics_3);
delv_Emot = trapz(t(200001:end), delv_pmot(200001:end,:));
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% Power output of motors (mechanical)
pTm = (TL_1 out.xwm_1_out) + (TL_2_out.*wm_2_out) + (TL_3_out.xwm_3_out);
ETm = trapz(t(200001:end), pTm(200001:end,:));

% Motor efficiency
effMot = ETm./Emot;

% Full system electromechanical efficiency
effTm = ETm./Edc;

%% Decimate readings for display in paper
_ds = downsample(t,200);
R_wm_1_ds = downsample(R_wm_1,200);

H—

R_wm_2_ds = downsample(R_wm_2,200);
R_wm_3_ds = downsample(R,wm 3,200);
R_theta_m_1 ds = downsample(R_theta_m_1,200);
R_theta_m_2_ds = downsample(R_theta_m_2,200);
R_theta_m_3_ds = downsample(R_theta_m_3,200);
R_Te_1 ds = downsample(R_Te_1,200);
R_Te_2_ds = downsample(R_Te_2,200);
R_Te_3_ds = downsample(R_Te_3,200);

rext2_cont_ds = downsample(rext2_c0nt,200);
rext3_cont_ds = downsample(rext3_cont,200);
wm_1_ds = zeros(numel(t_ds),numel(Nlist));

wm_2_ds = 1_ds;
wm_3_ds = wm_1_ds
theta_m_1_ds = wm_1_ds;
theta_m_2_ds = wm_1_ds;
theta,m,B,ds = wm_1l_ds;
Te_1l.ds = wm_1_ds;
Te_ 2 ds = wm_1_ds;
Te_3_.ds = wm_1_ ds,

delv2_cont_ds = wm_1_ds;

delv3_cont_ds = wm_1_ds;

for i=l:numel(Nlist)
wm_1_ds(:,1i) downsample(wm_1_out(:,i),200);
wm_2_ds(:,1i) downsample(wm_2_out(: ,i),200);
wm_3_ds(:,1) downsample(wm_3_out(:,i),200);
theta_m_1.ds(:,i) = downsample(theta_m_1 out(:,1i),200);
theta_m_2_ds(:,i) = downsample(theta_m_2_out(: 1),200);
theta_m_3_ds(:,i) = downsample(theta_m 3 out(:,1i),200);

Te_1 ds(:,i) = downsample(Te_1 out(:,i),200);

Te_2_ds(:,i) = downsample(Te_2_out(:,1i),200);

Te_3_ds(:,i) = downsample(Te,B,out(:,i),200);
(:

delv2_cont_ds(:,i) = downsample(delv2_cont_out(:,1),200);
delv3_cont_ds(:,i) = downsample(delv3_cont_out(:,1),200);
end

% Plot mechanical speeds (full)
figure
plot(t_ds,wm_1 ds(:,1)*30/pi)
hold on
plot(t_ds,wm_2_ds(:,1)*30/pi)
plot(t_ds,wm_3_ds(:,1)*30/pi)
plot(t_ds,R.wm_1 ds*30/pi)
plot(t_ds,R.wm_2 ds*30/pi)
plot(t_ds,R.wm_3_ds*30/pi)
xlabel("$t$ [s]","Interpreter","latex")
ylabel("$\omega_{rm}$ [rpm]","Interpreter","latex")
legend(["Aux.\ Converter ($N_2/N_1=5%), $\omega_{rm,1}$",
"Aux.\ Converter ($N_2/N_1=5%), $\omega_{rm,2}$",
"Aux.\ Converter ($N_2/N_1=5%), $\omega_{rm,3}s$", ..
"Resistor, $\omega_{rm,1}$","Resistor, $\omega_{rm, 2}$"
"Resistor, $\omega_{rm,3}$"1, "Interpreter" "latex", "Locatlon" "southeast")
matlab2tikz('filename', 'fullSpd.tex', 'width','6in’ 'helght' '2in', 'standalone', true)

% Plot mechanical speeds (zoomed)

figure

plot(t_ds,wm_1_ds(:,1)*30/pi)

hold on

plot(t_ds,wm_2_ds(:,1)*30/pi)

plot(t_ds,wm_3_ds(:,1)*30/pi)

plot(t_ds,R_wm_1_ds*30/pi)

plot(t_ds,R.wm_2_ds*30/pi)

plot(t_ds,R_wm_3_ds*30/pi)

x1im([1.9 6])

xlabel("$t$ [s]","Interpreter","latex")

ylabel("$\omega_{rm}$ [rpm]","Interpreter","latex")

legend(["Aux.\ Converter ($N_2/N_1=5%), $\omega_{rm,1}$",
"Aux.\ Converter ($N_2/N_1=5%), $\omega_{rm,2}$",
"Aux.\ Converter ($N_2/N_1=5%), $\omega_{rm,3}s$", ..
"Resistor, $\omega_{rm,1}$","Resistor, $\omega_{rm, 2}$"

98



"Resistor, $\omega_{rm,3}$"1,"Interpreter","latex","Location","southeast")
matlab2tikz('filename', 'zoomSpd.tex"', 'width','6in', "height','2in', 'standalone’,true)

% Plot electromagnetic torques

figure

plot(t_ds,Te_1_ds(:,1)*30/pi)

hold on

plot(t_ds,R_Te_1 _ds*30/pi)

plot(t_ds,Te_2_ds(:,1)*30/pi)

plot(t_ds,R Te_2_ds*30/pi)

plot(t_ds,Te_3_ds(:,1)*30/pi)

plot(t_ds,R_Te_3_ds*30/pi)

x1im([0.5 6])

xlabel("$t$ [s]","Interpreter","latex")

ylabel("$T_e$ [N$\cdot$m]","Interpreter","latex")

legend(["Aux.\ Converter ($N_2/N_1=5%), $T_{e,1}$","Resistor, $T_{e,1}$",...
"Aux.\ Converter ($N_2/N_1=5%), $T_{e,2}$","Resistor, $T_{e,2}$",...
"Aux.\ Converter ($N_2/N_1=5%), $T_{e,3}$","Resistor, $T_{e,3}$"],...
"Interpreter","latex","Location", "southeast", "NumColumns",2)

matlab2tikz('filename', 'Te.tex', 'width','6in', "height"', '2in"', 'standalone’',true)

% Plot position differences on motor 2

figure

plot(t_ds, (theta_m_2_ds—theta_m_1_ds)=*180/pi)

hold on

plot(t_ds, (R_theta_m_2_ds—R_theta_m_1_ds)*180/pi)

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=3%",...
"$N_2/N_1=2¢$, full bus","$N_2/N_1=2$, halved bus","Resistor"],...
"Interpreter","latex")

xlabel("$t$ [s]","Interpreter","latex")

ylabel("$\delta\theta_{rm,2}$ [deg]","Interpreter","latex")

xlim([2 6])

% title("Position Synchronization for 20% Torque Differential")

matlab2tikz('filename', 'theta2.tex', 'width','3in', 'height','2in", 'standalone’,true)

% Plot position differences on motor 3

figure

plot(t_ds, (theta_m_3_ds—theta_m_1_ds)*180/pi)

hold on

plot(t_ds, (R_theta_m_3_ds—R_theta_m_1_ds)*180/pi)

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=3$",...
"$N_2/N_1=2%, full bus","$N_2/N_1=2%$, halved bus","Resistor"],...
"Interpreter", "latex")

xlabel("$t$ [s]","Interpreter","latex")

ylabel("$\delta\theta_{rm,3}$ [deg]","Interpreter","latex")

xlim([2 6])

% title("Position Synchronization for 30% Torque Differential")

matlab2tikz('filename', 'theta3.tex"', 'width','3in", "height','2in"', 'standalone',true)

% Plot speed differences on motor 2

figure

plot(t_ds, (wm_2_ds—wm_ 1 ds)*30/pi)

hold on

plot(t_ds, (R.wm_2_ds—R_wm_1_ds)*30/pi)

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=3%",...
"$N_2/N_1=2%, full bus","$N_2/N_1=2$, halved bus","Resistor"],...
"Interpreter","latex")

xlabel("$t$ [s]","Interpreter","latex")

ylabel("$\delta\omega_{rm,2}$ [rpm]","Interpreter","latex")

xlim([2 6])

% title("Speed Synchronization for 20% Torque Differential")

% Plot speed differences on motor 3

figure

plot(t_ds, (wm_3_ds—wm_1_ds)x*30/pi)

hold on

plot(t_ds, (R.wm_3_ds—R_wm_1_ds)*30/pi)

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=3%",...
"$N_2/N_1=2%, full bus","$N_2/N_1=2$, halved bus","Resistor"],...
"Interpreter", "latex")

xlabel("$t$ [s]","Interpreter","latex")

ylabel("$\delta\omega_{rm,3}$ [rpm]","Interpreter","latex")

xlim([2 6])

% title("Speed Synchronization for 30% Torque Differential")

% Plot commands for motor 2

figure

plot(t_ds,delv2_cont_ds/sqrt(2))

ylabel("$\Delta V_2~{\prime *}$ [V]","Interpreter","latex")

ylim([0,20])

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=33%",...
"$N_2/N_1=2%, full bus","$N_2/N_1=2$, halved bus"],...
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"Interpreter","latex","Location", "southeast")
xlabel("$t$ [s]","Interpreter","latex")
xlim([2 6])
% title("Commands for 20% Torque Differential")
% matlab2tikz('filename', 'Vcommand2.tex', 'width','3in', 'height','2in"', 'standalone"',true)

figure

plot(t_ds, rext2_cont_ds)

ylabel("$r_{e,2}"*$ [$\Omega$]","Interpreter","latex")

xlabel("$t$ [s]","Interpreter","latex")

xlim([2 6])

% matlab2tikz('filename', 'Rcommand2.tex', 'width','3in', 'height','2in', 'standalone',true)

% Plot commands for motor 3

figure

plot(t_ds,delv3_cont_ds/sqrt(2))

ylabel("$\Delta V_3~{\prime *}$ [V]","Interpreter","latex")

ylim([0,35])

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=3%",...
"$N_2/N_1=2%$, full bus","$N_2/N_1=2$, halved bus"], ...
"Interpreter","latex","Location", "southeast")

xlabel("$t$ [s]","Interpreter","latex")

xlim([2 6])

% title("Commands for 30% Torque Differential")

% matlab2tikz('filename', 'Vcommand3.tex', 'width','3in', "height','2in', 'standalone',true)

figure
plot(t_ds, rext3_cont_ds)
ylabel("$r_{e,3}"*$ [$\Omegas$]","Interpreter", "latex")
xlabel("$t$ [s]","Interpreter","latex")
xlim([2 6])
% matlab2tikz('filename', 'Rcommand3.tex', 'width','3in', "height','2in', 'standalone',true)
[delv2_vqge,delv2_vde] = qd2qdMult(delv2_vqg_out,delv2_vd_out,theta_e_out);
[delv3_vge,delv3_vde] = qd2qdMult(delv3_vg_out,delv3_vd_out,theta_e_out);
v2_norm = sqrt(delv2_vge."2+delv2_vde.”2);
v3_norm = sqrt(delv3_vge.”2+delv3_vde."2);
for i = 1l:numel(Nlist)
v2_norm(:,i) = v2_norm(:,i)*Nlist(i);
v3_norm(:,i) = v3_norm(:,i)*Nlist(i);
end

% Generate block averages
t_fa = zeros(359,1);

rext2_fa = zeros(359,1);
rext3_fa = zeros(359,1);
delv2_fa = zeros(359,4);
delv3_fa = zeros(359,4);
R_pdc_fa = zeros(359,1);

pdc_fa = zeros(359,4);

R_pmot_fa = zeros(359,1);

pmot_fa = zeros(359,4);

R_ploss_fa = zeros(359,1);

delv_pmot_fa = zeros(359,4);

R_pTm_fa = zeros(359,1);

pTm_fa = zeros(359,4);

for i=1:359
t_fa(i) = t((i—1)x1667+1);
rext2_fa(i) = mean(rext2_pwm((i—1)*1667+1:1x1667+1));
rext3_fa(i) = mean(rext3_pwm((i—1)*1667+1:1x1667+1));
delv2_fa(i,:) = mean(v2_norm((i—1)*1667+1:ix1667+1,:),1);

delv3_fa(i,:) = mean(v3_norm((i—1)*x1667+1:ix1667+1,:),1);

R_pdc_fa(i) mean(R_pdc((i—1)*1667+1:ix1667+1));
pdc_fa(i,:) mean(pdc((i—1)*1667+1:1ix1667+1,:),1);
R_pmot_fa(i) = mean(R_pmot((i—1)*1667+1:ix1667+1));
pmot_fa(i,:) = mean(pmot((i—1)*1667+1:ix1667+1,:),1);

R_ploss_fa(i) = mean(R_ploss((i—1)*1667+1:1%x1667+1));
delv_pmot_fa(i,:) = mean(delv_pmot((i—1)*1667+1:i%x1667+1,:),1);
R_pTm_fa(i) = mean(R_pTm((i—1)*1667+1:ix1667+1));
pTm_fa(i,:) = mean(pTm((i—1)*1667+1:i%x1667+1,:),1);

end

% Plot actual values for motor 2

figure

plot(t_fa,delv2_fa/sqrt(2))

ylabel("$\overline{\Delta V}_2"\prime$ [V]","Interpreter","latex")

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=3$",...
"$N_2/N_1=2%, full bus","$N_2/N_1=2%$, halved bus"],...
"Interpreter","latex","Location","southeast")

xlabel("$t$ [s]","Interpreter","latex")

xlim([2 6])

% title("Fast—Average Voltage/Resistance for 20% Torque Differential")
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matlab2tikz('filename', 'Vactual2.tex', 'width','3in', 'height', '2in', 'standalone’',true)

figure

plot(t_fa, rext2_fa)

ylabel("$\bar{r}_{e,2}$ [$\Omega$]","Interpreter","latex")

xlabel("$t$ [s]","Interpreter","latex")

xlim([2 61)
matlab2tikz('filename', 'Ractual2.tex', 'width','3in', "height','2in', 'standalone’,true)

% Plot actual values for motor 3

figure

plot(t_fa,delv3_fa/sqrt(2))

ylabel("$\overline{\Delta V}_3"\prime$ [V]","Interpreter","latex")

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=3%",...
"$N_2/N_1=2$, full bus","$N_2/N_1=2$%, halved bus"],...
"Interpreter","latex","Location", "southeast")

xlabel("$t$ [s]","Interpreter","latex")

xlim([2 6])

% title("Fast—Average Voltage/Resistance for 30% Torque Differential")

matlab2tikz('filename', 'Vactual3.tex', 'width','3in', "height','2in', 'standalone',true)

figure

plot(t_fa, rext3_fa)

ylabel("$\bar{r}_{e,3}$ [$\Omegas$]","Interpreter","latex")

xlabel("$t$ [s]","Interpreter","latex")

xlim([2 6])

matlab2tikz('filename', 'Ractual3.tex','width','3in', 'height','2in', 'standalone’',true)

% Plot main converter input power

figure

plot(t_fa,pdc_fa/1000)

hold on

plot(t_fa,R _pdc_fa/1000)

ylabel("$\bar{p}_{in}$ [kW]","Interpreter","latex")

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=3%",...
"$N_2/N_1=2¢$, full bus","$N_2/N_1=2$, halved bus","Resistor"],...
"Interpreter","latex","Location", "southeast")

xlabel("$t$ [s]","Interpreter","latex")

xlim([2 61])

% title("Fast—Average Input Power to Main Converter")

matlab2tikz('filename', 'pin.tex','width','6in', 'height"', '2in"', 'standalone’',true)

% Plot motor input power

figure

plot(t_fa,pmot_fa/1000)

hold on

plot(t_fa,R_pmot_fa/1000)

ylabel("$\bar{p}_{mot}$ [kW]","Interpreter","latex")

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=33%",...
"$N_2/N_1=2%, full bus","$N_2/N_1=2$, halved bus","Resistor"],...
"Interpreter","latex","Location", "southeast")

xlabel("$t$ [s]","Interpreter","latex")

xlim([2 6])

% title("Fast—Average Power Flow to Motors")

matlab2tikz('filename', 'pmot.tex', 'width','6in', 'height','2in', 'standalone',true)

% Plot power removed from line (loss)

figure

plot(t_fa,delv_pmot_fa/1000)

hold on

plot(t_fa,R_ploss_fa/1000)

ylabel("$\bar{p}_{loss}$ [kW]","Interpreter","latex")

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=3%",...
"$N_2/N_1=2%, full bus","$N_2/N_1=2$, halved bus","Resistor"],...
"Interpreter","latex","Location", "southeast")

xlabel("$t$ [s]","Interpreter","latex")

xlim([2 6])

% title("Fast-Average Power Removed from Lines")

matlab2tikz('filename', 'ploss.tex', 'width','6in', "height','2in', 'standalone',true)

% Plot mech. torque power

figure

plot(t_fa,pTm_fa/1000)

hold on

plot(t_fa,R_pTm_fa/1000)

ylabel("$\bar{p}_{Tm}$ [kW]","Interpreter","latex")

legend(["Aux.\ Converter ($N_2/N_1=5%)","$N_2/N_1=3%",...
"$N_2/N_1=2¢$, full bus","$N_2/N_1=2$, halved bus","Resistor"],...
"Interpreter","latex","Location", "southeast")

xlabel("$t$ [s]","Interpreter","latex")

xlim([2 6])

% title("Fast—Average Mechanical Torque Power")
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matlab2tikz('filename', 'ptm.tex', 'width','6in', "height', '2in"', 'standalone’',true)

%% Functions for handling multiple runs at once
function [x_a, x_b, x_c] = statabcMult(x_q, x_d)

X_a = X_Q;
X_b = x_q.*—0.5 — x_d.*sqrt(3)/2;
X_C = X_q.*—0.5 + x_d.*sqrt(3)/2;
end

function [y_q, y_d] = qd2qdMult(x_q, x_d, theta)

y_q = x_qg.*xcos(theta) — x_d.*sin(theta);
y_d = x_qg.*sin(theta) + x_d.xcos(theta);
end
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