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Abstract—The dual three-phase PMSM (DTP-PMSM) drives
have received wide attention at high-power high-efficiency
applications due to their merits of high output current ability
and copper-loss-free field excitation. Meanwhile, the DTP-
PMSM drive provides higher fault-tolerant capability for high-
reliability applications, e.g., pumps and actuators in aircraft. For
high-power drives with limited switching frequencies and high-
speed drives with large fundamental frequencies, the ratio of
switching frequency to fundamental frequency, i.e., the carrier
ratio, is usually below 15, which would significantly degrade the
control performance. The purpose of this paper is to review the
recent work on the modulation and control schemes for
improving the operation performance of DTP-PMSM drives
with low carrier ratios. Specifically, three categories of methods,
i.e., the space vector modulation based control, the model
predictive control (MPC), and the optimized pulse pattern (OPP)
based control are reviewed with principles and performance. In
addition, brief discussions regarding the comparison and future
trends are presented for low-carrier-ratio (LCR) modulation and
control schemes of DTP-PMSM drives.

Index Terms—Dual three-phase permanent magnet
synchronous motor (DTP-PMSM), Low-carrier-ratio (LCR),
Complex vector control, Model predictive control (MPC),
Optimized pulse pattern (OPP).

. INTRODUCTION

HE dual three-phase permanent magnet (PM)

synchronous motor (DTP-PMSM) drive is an attractive
solution for high-power and high-reliability applications such
as ship propulsion, wind power generation, shale gas
extraction, actuators in aircraft due to their advantages of
lower current stress and higher fault tolerant capability [1].
Fig. 1 shows a typical configuration of two-level inverter fed
DTP-PMSM drives. It can be observed that there is a 30-
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degree spatial shift between the two sets of three-phase
windings to eliminate the sixth-order torque pulsation [2]. The
neutral points of the two sets of three-phase windings are
typically isolated to eliminate zero-sequence components in
stator currents. The fault-tolerant capability of DTP-PMSM
can be further enhanced with connected neutrals. However, it
requires additional control of zero-sequence current, which
may increase complexity of control of DTP-PMSM.
Therefore, the low-carrier-ratio (LCR) control techniques are
investigated for DTP-PMSM with isolated neutrals in this
paper. It is noted that the design principles are also suitable
for the drives with connected neutrals by considering control
of zero-sequence current components.
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Fig. 1. Configuration of two-level inverter-fed DTP-PMSM drives.

The switching frequency of switching devices is strictly
limited at high-power applications due to the stress on heat
dissipation [3]-[4]. Meanwhile, high-speed motor drives are
usually with high fundamental frequencies [5]-[6].
Consequently, the ratio of switching frequency to the
fundamental frequency, called the carrier ratio, is low for both
high-power motor drives and high-speed motor drives [7]-[8].
The typical value is below 15. The LCR operating condition
not only leads to the increment in stator current harmonics and
torque pulsation but also causes significant control delay and
distinct coupling effects. For three-phase motor drives, the
modulation and control schemes have been intensively
investigated for the LCR operation, which can be divided into
three categories as shown in Fig. 2. The first category is to
improve the performance of space vector pulse width
modulation (SVPWM) based vector control schemes. The
discretization characteristic and signal delay effect are
carefully considered while modeling and controlling PMSM to
suppress current harmonics. The improved modulation strategy
includes multisampling space vector modulation (MS-SVM)
[9]-[12] and natural sampling based space vector modulation
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(NS-SVM) [13]-[15]. The control scheme includes complex
vector control [16]-[23] and deadbeat control [24]-[26]. For
time being, other control methods such as sliding mode control
and active disturbance rejection control (ADRC) are usually
used together with SVM strategy. Their harmonic and torque
performance with LCR operation are similar to those of the
first category of method mentioned in this paper. The second
category is to employ multistep finite control set (FCS) model
predictive control (MPC) schemes including trajectory
extrapolated algorithm [27]-[30] and sphere decoding method
[31]-[33]. High sampling frequency is configured to figure out
the optimal space vector discretely. The main concern is to
increase the prediction horizon for performance improvement
on the premise of a reasonable computational burden. The
third category is the optimized pulse pattern (OPP) based
methods to improve steady-state and dynamic performance
simultaneously [34]-[41]. The pulse pattern is optimized
offline to ensure steady-state performance, while the control
schemes such as flux trajectory tracking control are used for
improving the dynamic performance.

However, all the LCR modulation and control schemes
mentioned above are focused on three-phase motor drives.
The main difference between three-phase PMSM and DTP-
PMSM lies in that the control dimension is increased and the
additional coupling factor could lead to smaller impedance of
harmonic subspaces, which further increases the difficulty in
handling at LCR operating conditions. Moreover, the trade-off
optimization is required for mitigations of torque ripple and
stator current harmonics since the torque ripple is mainly
determined by current components in the torque subspace
while harmonics in both torque and harmonic subspaces
contribute to stator current harmonics of DTP-PMSM.
Compared to three-phase PMSM motor drives, the research
on LCR modulation and control of DTP-PMSM drives is less.
The purpose of this paper is to present a technical review and
investigation of recent work on modulation and control
strategies of DTP-PMSM drives with low carrier ratios. In
Sections Il to IV, three categories, i.e., PWM based methods,
FCS based methods and OPP based methods for DTP-PMSM
drives with low carrier ratios are reviewed respectively. Then,
different kinds of methods are compared and future trends of
the techniques are prospected in Section V. Finally,
conclusions are drawn in Section VI.
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Fig. 2. Classification of research of control for three-phase drives with low
carrier ratios.

Il. CARRIER PWM BASED CONTROL METHODS

A. Carrier PWM Based LCR Techniques for Three-phase
Motor Drives

The natural sampling PWM (NS-PWM) is regarded to
provide superior harmonic performance and lower control
delay than other carrier-based PWM schemes. However, the
requirement of analog implementation limits the application
of NS-PWM with digital implementation. Fig. 3 shows the
principle of different modulation strategies approximating
NS-PWM, which are called MS-SVM and NS-SVM [42]. As
shown in the blue curve in Fig. 3(a), MS-SVM increases the
sampling frequency and the dwell time is updated within each
sampling cycle to approach NS-PWM. Defining Ny as the
ratio of sampling frequency to carrier frequency, it is revealed
in [11]-[12] that the control delay of MS-SVM is 1.5T¢/Ng. T
is the carrier period. On the other hand, as shown in the brown
line in Fig. 3(b), intersections of the continuous dwell time
equations and the carrier equation are directly calculated in
NS-SVM, with the sampling frequency unchanged [13]-[15].
The main difference is that the digital delay in MS-SVM s
smaller than that in NS-SVM, therefore enabling higher
control bandwidth.
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Fig. 3. Comparison of different modulations [42]. (a) MS-SVM. (b) NS-
SVM.

From the perspective of control, the main efforts have been
devoted to the accurate modeling of drive systems at LCR
operating conditions. The digital delay causes significant
coupling between dg-axis currents of the motor and influences
the system stability. At an early stage, the amplitude and
phase compensation is conducted between the reference
voltage and the actual stator voltage based on the voltage-
second balance principle. Further, complex vector modeling
of PMSM is reported [16]-[22], where models are established
in both continuous and discrete domains. Different discrete
LCR controllers have been compared in [23]. Except for the
controller designed in the frequency domain, the deadbeat
control also receives attention for the LCR control [24]-[26].
The theoretical performance of deadbeat control could be
better but the parameter sensitivity requires careful
consideration.

B. MS-SVM Based Control for DTP-PMSM Drives

With the vector space decomposition (VSD) approach, the
voltage and current space vectors of DTP-PMSM can be



GU et al.: REVIEW OF CONTROL TECHNIQUES FOR DUAL THREE-PHASE PMSM DRIVES WITH LOW CARRIER RATIOS 179

decoupled into three two-dimensional orthogonal subspaces:
op-subspace (torque subspace), xy-subspace (harmonic
subspace), and 0,0,-subspace (zero sequence subspace) [43],
where the VSD decomposition matrix Tysp is expressed as:

. L1 BB
2 2 2 2
o B B 11
2 2 2 2
1 1 1 BB B
gt 3 2 2 2 o O
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2 2 2 2
1 1 1 0 0 O
0 O 0 1 1 1

The obtained model of DTP-PMSM in the synchronous
rotating frame can be expressed as:

Uy = Riiy + Lydiy /dt -l i,

u, =R, + L, di, / dt + wLi, + oy,

uzl = Rsizl + Lzldizl / dt + szZizz

u,= RsiZZ + LZZdiZZ /dt _a)Lzlizl
where ug, Ug, Uy and uy, are the dg-axis and z;z,-axis stator
voltages, respectively. ig, ig, i1 and i,, are the dg-axis and z,z,-
axis stator currents, respectively. R; is the stator resistance. w
is the fundamental electrical angular frequency. y; denotes the

flux linkage produced by the PM. Lg, Lg, L and Ly, are the
dg-axis and z,z,-axis inductances, which can be expressed as:
Ly =Ly +(1+ 2) L, L, = L +(1+y) Long
Lzl = Lls +(1_l) Lmdl LZZ = Lls +(1_ Z) I-mq
where Ly is the leakage inductance, Lyg and Lyq are the dg-
axis main inductances of each set of three-phase windings.
The coefficient y denotes the coupling factor of the two sets of
three-phase windings, whose typical value is within the range
of 0 to 1. The coefficient y of the segmentally-designed or
concentrated-winding DTP-PMSM is closer to 0, whereas that
value of the distributed-winding DTP-PMSM is closer to 1. It
can be seen in (2) that current and voltage components in the
torque subspace are decoupled from those in the harmonic
subspace. Using surface-mounted DTP-PMSM as an example,
the model can be simplified as:
Uy = Riy + Ldi, / dt - wLii,
u, =Ri, + Ldi, / dt + wLii, + oy,
u, = Ri, +L,di,, /dt+wL,i,,

u,=Ri,+Ldi,/dt-wLi,

)

@)

(4)

where,

L=L+(1+ )L L =L+~ 7))L L =Ly=Ly ()
It can be observed in (4) and (5) that the main difference
between the DTP-PMSM and three-phase PMSM lies in that
the state variable dimension is increased from two to four,
where the impedance of the z;z,-subspace might be much
smaller than that of the dg-subspace with y=1. The low-order

harmonic voltages induced by regular sampling in the
standard SVM scheme could cause large current harmonics in
the harmonic subspaces. Instead, MS-SVM method could
improve the harmonic performance by approaching NS-
PWM. In comparison, the model of three-phase PMSM is:

{ud —Ri, + Ldi, / dt— L,

u, = R, + Ldi, /dt+ oLi; + oy, ©)

It can be observed that the difference between three-phase
PMSM and DTP-PMSM is that the two sets of three-phase
stator voltage and current in DTP-PMSM are decoupled to the
torque subspace and the harmonic subspace with different
inductance values. The torque generation is only related to the
current components in the torque subspace.

The complex-vector modeling and control method can be
applied to surface-mounted DTP-PMSM conveniently. Fig. 4
shows the control scheme of the MS-SVM based complex
vector control for DTP-PMSM [42]. The model in dg-
subspace can be rewritten as:

Uy, = &idq + Lsdidq /dt+ jcoLSidq + joy, @)

where ugq and iy, denote the voltage vector and current vector,
respectively. jows can be regarded as a slowly changing
disturbance due to the large mechanical inertia. Considering
that the control delay of MS-SVM scheme is relatively small,
the modeling and controller design are implemented in the
continuous domain. The complex vector transfer function
Faq(s) from ugq to igq can be expressed as:
i, (s

Fo(s)= 1 ©

Ui (S) R +sb+ jol,

The digital delay can be expressed as:

Usq () _ i
Fea s)= *q —e rdse jory 9
ety (5) 0, (5) C))
where z4 denotes the digital delay, and u;q is the reference
voltage vector. With (8) and (9), the transfer function Fyq(s)
from u;q to igq Ccan be expressed as:
idq (S)

Faae (8) = Faa (5) oy (5) = U (5) R +sL, + jool.
dq S S S

e—rdse—jmrd

(10)

It can be observed that Fqq(S) contains the imaginary part,
which corresponds to the cross-coupling of dg-axis current
control. For standard single sampling SVM scheme, the
digital delay zq4 is approximated to 1.5T.. With the carrier ratio
decreased, wry increases and the imaginary part of Fge(s)
increases, leading to the more severe coupling of dg-axis
current control. Instead, the delay effect can be neglected due to
the small control delay 1.5T/Ng. in the MS-SVM scheme.
Consequently, the controller with MS-SVM can be designed as:

Fs(s)=0. (R +sL + joL)/s (11)

where g. is the controller parameter depending on
performance requirements. The final open-loop transfer
function F(s) is:
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1
Fo (S): gcg

On the other hand, variables in frequency of 12h—5 and
12h—7 are mapped to the harmonic subspace, where h is an
integer. The carrier ratio of the harmonic subspace is even
lower than that of the torque subspace. Therefore, active
damping control with a low pass filter is employed to regulate
the components in harmonic subspace. The controller can be
expressed as:

(12)

u:y = (0 - ixy_f ) Rv (13)
where iy,  denotes the filtered xy-axis current vector. R, is the
virtue resistance.
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Fig. 4. Control scheme of the MS-SVM based complex vector control for
DTP-PMSM [42].

C. CPS-SVM for Dual Three-phase Drives

The carrier phase-shift space vector modulation (CPS-
SVM) method is also investigated for DTP-PMSM for
performance improvement such as stator current harmonics,
DC-link capacitor current ripple, torque ripple mitigation and
vibration reduction [44]-[51]. The main difference between
three-phase PMSM and DTP-PMSM is that a second set of
three-phase windings exists, which contributes to the total
stator flux linkage, electromagnetic torque, vibration, etc.
Therefore, the second set of windings provides additional
freedom for performance improvement. CPS-SVM is an
effective way to conveniently utilize the additional freedom to
improve the drive performance. Fig. 5 shows a typical
implementation of CPS-SVM for dual three-phase drives,
where 6 is phase shift angle.

Uz
; B ]
X Us2s2 [ —
—> fufh > SVM =——)i |
azﬂz |
Carrier 2 4+
Hps
[
[
[ ]
Carrier 1 i
Carrier2 |/,

Fig. 5. Principle of CPS-SVM for dual three-phase drives.

Several efforts have been devoted to CPS-SVM for DTP-
PMSM drives. For instance, a /2 phase shift is introduced
between the two sets of three-phase SVM modules to
suppress the current harmonics at switching frequency
induced by the low impedance of harmonic subspace [44]. It
is found that the first carrier-frequency harmonic current
components dominating in z;z,-subspace are halved while
the torque ripple located at the second carrier frequency is
also suppressed. In [45]-[46], interleaved PWM methods are
proposed to mitigate the DC-link capacitor current ripple for
current stress reduction where the phase shift angle is .
Further, collaborative switching strategies have been
proposed in [47]-[48] to further reduce the capacitor current
stresses for two-level and three-level inverter fed dual three-
phase drives, respectively. In addition, torque ripple and
vibration of the motor can also be mitigated using CPS-
SVM. In [49], a CPS-SVM is proposed for selective
elimination of the torque harmonics in dual three-phase
drives with a proper phase shift angle between the two sets
of three-phase subsystems. In [50], the CPS-SVM is further
extended to multi-three-phase drives, where phase shifts are
introduced among all the three-phase subsystems. In [51], a
CPS-SVM method is proposed to mitigate the torque ripple
and vibration simultaneously. It is found that the carrier
phase shift generates two interleaved torque and force
components on the rotor, which may cancel with each other
for certain harmonics.

I1l.  MoDEL PREDICTIVE CONTROL METHODS

A. MPC Based LCR Techniques for Three-phase Motor
Drives

The MPC scheme receives intensive investigation for three-
phase drives with low carrier ratios. The cost function method
of the MPC scheme provides convenience for optimization of
control performance and switching frequency. Considering
that the sampling frequency is usually much higher than the
switching frequency in the MPC scheme, the longer
prediction horizon is preferred to figure out the most suitable
space vector. Some efforts have been devoted to the balance
of prediction horizon length and the computational burden.
The trajectory extrapolated MPC scheme is proposed in [27]-
[28], where the trajectories of the controlled torque and flux
linkage are extrapolated by specific rules and the induced
average frequency is used as the cost function. The controller
variables could also be stator currents or the system power
[29]-[30]. For improving the computational efficiency of
FCS-MPC, the sphere decoding algorithm has been proposed,
which is a particular branch-and-bound method and has been
investigated for three-level inverter fed three-phase drives
[31]-[33].

B. Interleaved MPC for DTP-PMSM

In [42], the trajectory extrapolated MPC is introduced.
Fig. 6 shows a typical trajectory extrapolation process where
the switching horizon is one step and the variable i is selected
as an example. The objective of the trajectory extrapolation
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method is to evaluate the length within which the switching
state can be maintained while tracking errors of all controlled
variables are within the allowable range. This length is
defined as the extrapolation length. Dividing the extrapolation
length by the commutation number required to reach the
switching state, it yields the cost function, which indicates the
average switching frequency this switching state produces. As
shown in Fig. 6, the sampling instant is at kT and the loading
instant of the selected vector is at (k+1)Ts. The values of
ig(k+1) and iq(k+2) are calculated based on the model of
electric machines, whereas the values at other instants are
obtained by linear extrapolation. It can be observed that the
extrapolation length of i, for the evaluated switching state is 3
in Fig. 6. Following the same rule, the extrapolation length of
other controlled variables can be calculated, and the smallest
value is the final extrapolation length of the evaluated
switching state.
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Fig. 6. Principle of trajectory extrapolation method [42].

The MPC for DTP-PMSM can be established based on
two separate three-phase inverters. Conventionally, the
sampling and control of the two sets of three-phase windings
are implemented synchronously. However, the DTP-PMSM
drives provide additional control freedom to improve the
control performance. The sampling and control algorithm of
the two sets of three-phase windings can be executed
alternatively, such that the equivalent sampling and control
frequency of the drive is doubled [52]. Fig. 7 compares the
control sequences of the synchronous control and the
interleaved control. It can be seen that the control delay is
reduced by half while the control frequency is doubled,
which ensures better control performance. Moreover, the
interleaved control avoids the cross-traversal of vector
candidate sets between two sets of three-phase windings and
the computational complexity can be reduced effectively.
Fig. 8 compares the experimental stator current waveforms
in phases A, B, D and E using synchronous MPC and
interleaved MPC schemes at the 50 Hz fundamental
operating condition. It can be observed that the interleaved
MPC presents better current harmonic performance even
with lower average switching frequency. This is due to the
doubled equivalent sampling and control frequency with
interleaved MPC.

C. VSD-MPC for DTP-PMSM
Another MPC implementation for DTP-PMSM is based on
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Fig. 8. Stator currents of phases A, B, D, and E [52]. (a) Current waveforms
using synchronous MPC. (b) Current waveforms using interleaved MPC.
space vector using VSD. Fig. 9 shows the vector diagram of
six-phase two-level inverter using the VSD approach [42].
The switching state is identified by two decimal numbers
equivalent to the binary number of two three-phase inverters.
For instance, the switching state “110100” for phases A, B, C,
D, E, F is identified as “64”. Both the total numbers of voltage
vectors in af- and xy- subspaces are 64. The switching state
with the largest vector length in the af-subspace corresponds
to the smallest vector length in the xy-subspace. Therefore, the
12 largest vectors in af-subspace are selected as candidate
vectors for the trajectory extrapolated MPC to achieve the
largest voltage-transfer ratio in the af-subspaces. Fig. 10
shows the control diagram of the VSD based trajectory
extrapolated MPC scheme [42]. It can be observed that the
control scheme can be summarized as two steps: the vector
candidate selection and the candidate evaluation based on
motor model and cost function.

()
Fig. 9. Six-phase two-level space vector diagram [42]. (a) af-subspace. (b)
xy-subspace.
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Fig. 10. Control diagram of VSD based trajectory extrapolated MPC [42].
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IV. OPTIMIZED PULSE PATTERN BASED CONTROL

A. OPP Based LCR Techniques for Three-phase Motor Drives

The basic idea of the OPP based modulation is to use
offline optimized switching sequences for better modulation
performance. However, the main limitation of the
conventional OPP based control is the poor dynamic
performance due to the look-up table method. Hybrid
modulation method and flux trajectory control are two main
solutions to improve dynamic performance. Hybrid
modulation schemes are employed in [34]-[35] where selected
harmonic elimination PWM (SHEPWM) is used for steady-
state conditions, whereas the modulation switches to SVM at
dynamic conditions. Another hybrid modulation method is
proposed in [36], where SVM is used for flux trajectory
tracking at dynamic conditions and OPP is used at steady-state
conditions. The current or flux trajectory control without
strategy switching is proposed in [37]-[38], where the switching
instants of switching devices are directly manipulated in a
deadbeat manner by closed-loop control of stator current or flux
trajectory. Further, the model predictive pulse pattern control
(MP®C) is proposed based on the flux trajectory tracking in
[39]-[41], which has the advantages of long prediction horizon
and needs no requirement for separate control of fundamental
and harmonic components. The high sampling frequency of
MP3C scheme contributes to its fast dynamic performance,
which is verified at the same level as DTC [40].

B. Optimized Pulse Pattern Based PWM for DTP-PMSM

As aforementioned, one of the main differences between
three-phase  PMSM and DTP-PMSM lies in that the
impedance of the harmonic subspace is smaller than that of
the torque subspace given the magnetic coupling between dual
three-phase windings. Moreover, currents in the harmonic
subspace generate no torque ripple component for surface-
mounted DTP-PMSM with sinusoidal back electromotive
force (EMF) [42]. Therefore, the OPP designed for three-
phase PMSM is not the optimal solution for DTP-PMSM.
Recently, the OPP for DTP-PMSM has been investigated,
where both PWM strategy for current THD minimization and
for torque ripple minimization are proposed [42], [53]-[55].
Fig. 11 shows a typical waveform of the inverter output
voltage in phase A. N denotes the number of switching angles
(0, =1, 2, ..., N) within a quarter of the fundamental period.
The six-phase stator voltages are expressed as:
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where U, denotes the amplitude of the voltage in order of n
(n=1, 3, 5....). ¢ denotes the torque angle, which is the phase
difference between fundamental stator voltage and PM flux
linkage in phase A. The VSD transform maps the harmonics
in order of 12h-5 and 12h-7 to the harmonic subspace,
whereas it maps the harmonics in order of 12h+1 and 12h-1
to the torque subspace. The amplitudes of these harmonics can
be expressed as:

(122h ) { +22 ) cos[ (12h+1)e, ]}

U12h+l

(16)
Uppy = (122h ) {1+2Z cos[(lzh—l)ai]}
2U,
Upps = W{uzZ( 1) cos[ (12h - S)a]} -

Uppn s = (12h 7 {1+2Z cos[(th—?)ai]}

With the assumption of sinusoidal back EMF, the current
harmonics of these orders can be expressed as:

u u

T ht 12h41

2T oh Dol T (hilel, 20
U12h75 _ U12h77 (19)

I = . =
T (12h-5)wl, T (12h-T)el
Consequently, the optimization problem can be established

as.
1 Zi (U12h+1 jz +( Uians jz +
1 loL ) &|l12n+1) \12n-1

min iharm-rms ==
02N \/E i zi [Ulzh—s ):_[ Ui )2
ol, ) &|\12h-5) \12h-7 (20)

ot {1+22 ' cos a,} mn/?2

O<ap<a, <

The modulation index m is defined as m=U/Ug.. It can be
seen that the impedances of different subspaces equivalently
perform as the weighting factors for optimization.

<ay<nl2
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Fig. 11. Typical waveform of inverter output voltage in phase A [42].

On the other hand, the torque ripple can also be optimized
for DTP-PMSM. The stator voltage vector in the synchronous
rotating frame of the torque subspace can be expressed as:

_ pl-ot jo ] J J ) ]
Uy, =€ é(uAe +uge’® +uce’ +use’t +ue’ +ue 5)
(21)

k2 j[th(ut+n¢+g(2n—1)} k2 i —12h(u[—n(p—%(2n—1)]
e

-, - Ul

n=12h+1 n=12h-1

It can be observed in (21) that the voltage harmonics in
order of 12h+1 synthesize voltage vectors with angular
frequency of 12hw in positive sequence, whereas those in
order of 12h-1 synthesize voltage vectors with angular
frequency of 12hw in negative sequence. Consequently, the
final synthetic trajectories of the voltage vectors are a cluster
of ellipses. Fig. 12 shows the example of vector trajectory
with angular frequency of 12w [53]. The phase angle of the
major and minor axes of the ellipse trajectory can be
expressed as:

1 =
O =9+ Zn - ngn Uiz Vi) +Im 1 € Z
(22)

1 =
Os1on = ¢_Zn_ZSgn(U12h'1U12h+l)+ InleZ

where | is an integer, and sgn(-) represents the sign function.
Further, the current harmonic vector can be calculated as:

+ZI

n=12h-1

* J{thmanH (2n- 2)}

o= >, l.e

n=12h+1

where |, denotes the amplitude of the current harmonic in
order of n. The phase angles of the major and the minor axes
of the current vector trajectory are the same as those of the
voltage vector trajectory, respectively. The length of the major
is1on and the minor radius i,y Of the ellipse current trajectory
can be calculated as:

[ 12hot—np—— 3 2n72)J

(23)

i b= Uth—l U12h+1
T (12h-1)el  (12h+1) ol
(24)
Uizha Uzha

iat2n = - .
T (12h-)ols (12h+1)ol

Therefore, the amplitude of 12th torque ripple T, can be
expressed in (25), and the final RMS value of the total torque
ripple is given in (26), where N, denotes the pole pair number:

| Tz |= 3Ny \/(sm em) is2, +(cos 9L12) 2y (25)
3N > ) . .
Te-rms = i Z (Sm 9L12k )2 '2212k + (COS 6L12k )2 'A212k (26)
V2 &

Consequently, the optimization problem for comprehensive
current and torque ripple mitigation can be established as:

T .
&M 4 (1= A S
Ny, + (1= 21 ) inarmeams

sit. {“22 -1) COS(a.)}mn/z

i=1
O<oy<a,<..<ay<mnl2

where At is a weighting factor.

minJ = Ay

(27)

Fig. 12. Synthetic trajectory of 11th and 13th order currents and voltages in
the dg-frame [53].

Fig. 13 compares the control performance of the two kinds
of OPPs [53]. The OPP in Fig. 13(a) is designed for current
THD minimization (47=0), whereas that in Fig. 13(b) is
designed for comprehensive mitigation of current and torque
harmonics (1y=0.6). The switching frequency is 750 Hz and
the carrier ratio is 15. It can be observed that the torque ripple
of DTP-PMSM in Fig. 13(b) is decreased by 29.4% from
2.72 N m to 1.92 N m with the modulation index m equaling
0.425. On the other hand, the current THD is slightly
increased from 10.4% to 11.7%. Therefore, it is verified that
the current and torque harmonic performance can be
optimized comprehensively for DTP-PMSM drives using
OPP based modulation schemes.

Current THD optimization OPP, r=0
m=0.425 THD =10.4% m=0425 + THD = 11.7%
mL |A(5A/dIV)2W R o (GA)
j/ /\'L\ L"' - .(u""r m\i J ;L/ #yﬂ
s )J. pﬂh h)n”y}y . NH'

AT,=2.72Nm Te(2Nm/div)

Comprehensive OPP, /1=0.6

Time (5ms/div)

Harmonic magnitude
(2%/div)
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Harmonic magnitude
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: 19th, in harmonic subspace
23rd, in torque subspace P

AT 100 1 O T T ! 0 | Ll L] [ I | | L1
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Harmonic order Harmonic order

(@) (b)
Fig. 13. Current and torque waveforms along with current spectrums in
experiments [53]. (a) Current THD OPP with m equaling 0.425. (b)
Comprehensive OPP with m equaling 0.425.
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C. MP®C for DTP-PMSM

Fig. 14 shows the control diagram of MP®C for DTP-
PMSM [42]. The flux reference is calculated using the voltage
model based on the offline optimized switching sequence
described in Section IV-B or any other type of OPP
modulation. The stator flux linkage is estimated online and is
controlled to track the reference flux linkage trajectory by
directly modifying the switching instants of switching

devices. The flux reference vector w,, can be calculated
using voItage based flux model as:

'//VSD( dc _[ TVSDusgn( dT— I I TVSDusgn( )dfdt (28)
where Ug. is the DC-link voItage. T¢ is the fundamental
period, and ug, is the symbolic function corresponding to the

switching states S, (x€{a, b, c, d, e, f}) in each phase as:
Ugg =[ua,ub,uc,ud,ue,uf T

1, S =1 (29)
u, = , xef{ab,c,d.e f}.
-1, S, =0

It can be seen that the flux reference is directly determined
by the selected pulse pattern. Then, the actual stator flux wysp
can be obtained with current or voltage based flux model, and
the flux linkage tracking error can be calculated as:

Yerror = WCSD ~¥vsp (30)

Fig. 15 shows the principle of the pulse pattern control
method in phase A [42]. The sampling is implemented at
instant t. The sampling period is T, and the prediction horizon
is Tp. The switching instant in black lines corresponds to the
initial optimal switching sequence. There are four switching
actions within the prediction horizon located at instants ty, t,,
t3 and t;, respectively. Then, the switching instants are
modified as the red dashed lines in Fig. 15. Accordingly, the
variation in the stator flux of phase A Awa against the initial
switching angles can be calculated as:

wa =Ug (At +At, +At, + At,) (31)

where At;, At,, Ats and At, are the variation in switching
instants. It can be observed that the stator flux linkage in
phase A can be regulated by modifying the switching instants
directly.
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Fig. 14. Control diagram of MP3C for DTP-PMSM [42].
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Fig. 15. Principle of the pulse pattern control method [42].

To determine the shifts of switching instant in each phase
for flux linkage trajectory tracking, the cost function J(At) is
established as:

min J (At)= min|:|l/’error oo (AL + thTAt]
st KT, <t, <t,<---<t xe{a,b,c,d,e, f}

x1 —

where o is the variation of stator flux linkage due to the
shift of switching instant, At is the vector composed of
switching instant shift values in all phases, and q is the
weighting factor to limit the changes on the initial optimal
switching sequence. The restrictive condition of J(At) is that
the shifted switching instants follow the time sequence. The
optimization problem shown in (32) can be solved online by
using active set method as in [42].

Fig. 16 presents experimental results of dynamic response
using the conventional look-up table method and MP3C for
DTP-PMSM where SHEPWM is exemplified for comparison.
The load torque suddenly switches from 0.25p.u. to 1.0p.u. at
1000 rpm (50 Hz) operating condition. As shown in Fig. 16, it
takes around 540 ms for SHEPWM using conventional look-
up table method to return to steady-state operation, which
lasts longer than the duration of 220 ms required by the MP3C
scheme. Therefore, it is verified that the MP3C scheme can
effectively improve the dynamic control performance for
DTP-PMSM drives using OPP based control schemes. The
variation in speed during the transient process of MP*C
scheme is also smaller than that of the look-up table method.
Moreover, the steady-state torque ripple using MP3C scheme
is smaller than that using the look-up table method. The
reason is that the flux trajectory tracking control employed in
the inner loop in the MP3C scheme can effectively mitigate
the persistent perturbation caused by speed control loop at
steady state.

Conventional look-up table based SHEPWM ~ MP*C for DTP-PMSM based SHEPWM
+ +

(32)

XNy < tx(n +1)!

——

et 4 ek e adniane e n
i /v ' ¢ AN ‘
A Speed (80rpmy/div) AV \ Speed (80rpm/div)
i~ sa0ms | | 220ms |
1 A ! 1 1
LT P

A [ 'Y\
Torque (4Nlmldiv) i Torque (4ANm/div)
£ 1 1 4 ] ]
Time (100ms/div) Time (100ms/div)
(@) (b)

Fig. 16. Dynamic performance comparison of SHEPWM using different
control methods. (a) Conventional look-up table method. (b) MP®C for DTP-
PMSM.
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V. COMPARISON AND DISCUSSION

A. Performance Comparison

Table | presents comparison of the aforementioned three
categories of control methods for DTP-PMSM drives with
low carrier ratios. Method 1 denotes MS-SVM based complex
vector control. Method 2 denotes the trajectory extrapolated
MPC. Method 3 denotes the OPP based MPC scheme. For
the dual three-phase windings with magnetic coupling, the
low impedance of harmonic subspace causes significant
degradation of current harmonic performance for SVM based
modulation methods. On the other hand, the trajectory
extrapolated MPC methods possess better harmonic
performance due to the online optimization of voltage vector
selection. Furthermore, the OPP based MP3C scheme presents
the best harmonic performance since offline optimization of
harmonics is implemented. Moreover, it is found that dynamic
control performance of the three categories of methods is
almost at the same level since high sampling frequencies are
employed in all three schemes. Additionally, the overall
computational complexity of the compared methods is close
when considering the difference in sampling frequency [42].

For dual three-phase windings with weak magnetic
coupling, the comparison between OPP with A7 equaling 0 and
OPP with Ar equaling 0.8 is presented in Fig. 17 [53]. By
employing A7 to be 0.8, the torque ripple of DTP-PMSM can
be reduced from 3.84 N m to 1.44 N m at m=0.35 and from
2.72 N'm to 1.04 N m at m=0.425. Therefore, it is verified
that the trade-off design of performance in torque ripple and
current harmonics can be achieved by distributing the current
components in the torque subspace and harmonic subspace of
DTP-PMSM. On the other hand, CPS-SVM can be regarded
as a suboptimal case of OPP because the basic SVPWM
switching sequence is still used in each three-phase inverter.
Therefore, the current and torque ripple performance using
OPP could be better than that using CPS-SVM theoretically.
However, it should be noted that the advantage of CPS-SVM
is the relatively simple implementation.

TABLE |
COMPARISON OF DIFFERENT MODULATION AND CONTROL SCHEMES
Methods Method 1 Method 2 Method 3
Current THD Medium Good Best
Torque ripple Good Good Best
Dynamic response Fast Fast Fast
= Torque ripple amplitude (Nm) ~ —€— Stator current THD (%)
m=0.35 m=0.425
01384376 5.6 2430, ! 24
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Fig. 17. Comparison of current THD and torque ripple with different values
of weighting factor A7 [53]. (2) m=0.35. (b) m=0.425.

B. Discussion of Future Trends

Considering that the magnetic coupling of DTP-PMSM
influences the performance of current harmonic suppression,
the DTP-PMSM is considered for those with and without
magnetic coupling separately. For DTP-PMSM with two sets
of three-phase windings coupled magnetically, the main
challenge of the LCR operation is the mitigation of low-order
harmonics due to the small inductance characteristic in the
harmonic subspace. The OPP based MP3C scheme is an
effective solution, which could approach the best harmonic
performance theoretically and maintain fast dynamic
performance simultaneously. Therefore, the trend is that the
OPP based MP®C scheme is more suitable for LCR operation
of DTP-PMSM drives where there exists distinct magnetic
coupling between dual three-phase windings. The stability
analysis and state observation are to be further investigated
for the OPP based MPC schemes to increase robustness
against disturbance in wide operation domains. It should be
mentioned that from the perspective of improving the
robustness, there are some other control methods such as
model-free MPC, data-driven MPC and disturbance
observation based composite control schemes. Their
applications require further investigation to address the
difference and difficulties of LCR based DTP-PMSM drives
compared to their three-phase counterparts.

On the other hand, the impedance characteristic for DTP-
PMSM without coupling between dual three-phase windings
is similar to three-phase PMSM. The main advantage of DTP-
PMSM over three-phase PMSM lies in that components in the
harmonic subspace of DTP-PMSM generate no torque ripple,
while they provide additional freedoms for optimal operation
of drives. CPS-SVM is convenient to be implemented for
improving performance of DTP-PMSM without coupling
between dual three-phase windings. A universal phase-shift
angle can be investigated for comprehensive optimization
with different objectives. Additionally, the stator inductance
of high-speed machines is usually very small, which could
cause large stator current harmonics when using SVPWM
modulation. In that case, the OPP based MP3C scheme is
recommended with comprehensive mitigation of current
harmonics and torque ripples for DTP-PMSM drives.

VI. CONCLUSION

This paper presents a technical review of recent work on
LCR modulation strategies and control schemes of DTP-
PMSM drives. Compared to the LCR control for three-phase
PMSM drives, the main challenge of LCR control for DTP-
PMSM is to suppress the distinct low-order current harmonics
in the harmonic subspace, which is caused by the small
inductance characteristic of DTP-PMSM with magnetic
coupling between dual three-phase windings. The MS-SVM
based complex vector control and the CPS-SVM can help
reduce control delay, low-order harmonics and torque ripple
of DTP-PMSM with low carrier ratios. But they still suffer
from the inherent harmonics caused by SVM. By sampling
and executing algorithm of trajectory extrapolated MPC in an



186

interleaved sequence, the current harmonics and the torque
ripples can be reduced for DTP-PMSM drives with low
carrier ratios. This method is convenient and efficient for
DTP-PMSM drives with magnetically decoupled dual-three-
phase windings. However, its performance will be
deteriorated for drives with low inductances, e.g., the dual
three-phase windings with strong magnetic coupling and high-
speed drives. The OPP based methods present the best steady-
state performance for LCR DTP-PMSM in current harmonics
and torque ripples by optimization offline. Among them,
MP3C can further improve the DTP-PMSM drives’ dynamics
by adjusting the pulse pattern to track the optimal flux
trajectory.
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