16400

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 12, DECEMBER 2024

Control Strategy of a Hybrid SiC-Si1 Traction
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Abstract—This article introduces a novel inverter structure tai-
lored for direct-drive marine propulsion applications, integrating
SiC-MOS and Si-IGBT devices in a hybrid bridge arm configu-
ration. The scheme aims to enhance torque control performance
by raising the switching frequency of the SiC-MOS and to min-
imize losses in the propulsion system by lowering the switching
frequency of the Si-IGBT. Methods for torque ripple suppression
and efficiency enhancement are proposed in this paper. The lat-
ter includes introducing the optimal switching frequency combi-
nation (OSFC) and optimized load distribution (OLD) methods.
The OSFC method aims to determine the optimal combination
of switching frequencies for Si-IGBT devices relative to the pre-
determined frequency of SiC-MOS devices, thereby maximizing
system efficiency at the rated torque operating point. On the other
hand, the OLD method adjusts the load distribution between the
motor windings of SiC-MOS and Si-IGBT devices to enhance the
propulsion system’s efficiency, particularly under light load condi-
tions. Moreover, experimental validation of the proposed methods
is provided. Experimental results show that the proposed control
strategy can reduce total drive system losses by 30% compared to
an all-Si-IGBT inverter and save 35% in costs compared to an all-
SiC-MOS inverter while maintaining torque control performance.

Index Terms—Control strategy, hybrid SiC-Si, marine
propulsion, multiphase motor, optimal efficiency, torque ripple
suppression.

NOMENCLATURE
Acronyms
SiC-MOS Silicon carbide metal-oxide-semiconductor field-
effect transistor.
Si-IGBT  Silicon insulate-gate bipolar transistor.
OSFC Optimal switching frequency combination.
OLD Optimized load distribution.
EMF Electromotive force.
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Number of SiC-MOS bridge arms.

Number of Si-IGBT bridge arms.

Switching frequency of SiC-MOS devices.
Switching frequency of Si-IGBT devices.

Phase current amplitude in SiC-MOS.

Phase current amplitude in Si-IGBT.

On-state resistance of SiC-MOS from drain to
source.

On-state resistance of SiC-MOS from source to
drain.

Knee voltage of the body diode in SiC-MOS.
On-resistance of the body diode in SiC-MOS.
Dead time of SiC-MOS devices.

Switching-ON time of SiC-MOS devices.
Switching-OFF time of SiC-MOS devices.
Collector-emitter threshold voltage.

On-resistance of the Si-IGBT.

Knee voltage of the antiparallel diode.
On-resistance of the antiparallel diode.

Dead time of Si-IGBT devices.

Switching-ON time of Si-IGBT devices.
Switching-OFF time of Si-IGBT devices.
Modulation index.

Angle between phase voltage and current.

Forward conduction loss of SiC-MOS.

Reverse conduction loss of SiC-MOS.

Body diode conduction loss during dead time of
SiC-MOS.

Switching loss of SiC-MOS.

Overall losses of SiC-MOS.

Forward conduction loss of Si-IGBT.

Antiparallel diode reverse conduction loss of Si-
IGBT.

Antiparallel diode conduction loss during dead time
of Si-IGBT.

Switching loss of Si-IGBT.

Overall losses of Si-IGBT.

Copper loss caused by the fundamental current.
Copper losses caused by the low harmonics of the
current.

Copper losses caused by high-frequency PWM cur-
rent harmonics.
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Pcy Overall copper losses.

Ry Stator resistor of the multiphase motor.

Ly Stator inductance of the motor.

w1 Fundamental angular frequency of phase current.

we Carrier angular frequency.

w Electrical angular velocity.

W Mechanical angular velocity.

0. Initial angle of the carrier.

p Carrier signal index.

q Modulating signal index.

Jg Bessel function of the first kind.

sign Sign function.

iK Current in phase k.

I, Amplitude of ith current harmonic.

©n Initial phase of hth current harmonic.

g Position of phase k to the first phase.

ek EMF in phase k.

E, Amplitude of vth EMF harmonic.

Py Initial angle of ~th EMF harmonic.

JESEL Amplitude of injected 11th harmonic current.

P*11 Initial angle of injected 11th harmonic current.

iABC Current in the set of winding where the SiC-MOS
bridge arm is located.

luvw Current in the set of winding where the Si-IGBT

bridge arm is located.
0 Rotor position angle.

iaf Overall current vector in the «v1-/31 subspace of the
two sets of windings.

d Current distribution factor.

i 5 Current vector in the ov;-3; subspace of the first set
of windings with SiC-MOS.

i?, 8 Current vector in the -1 subspace of the second
set of windings with Si-IGBT.

iDaq Current in the dq frame of the first set of windings
with SiC-MOS.

i?4q Current vector in the dq frame of the second set of
windings with Si-IGBT.

i(l)*dqll Injected 11th harmonic current in the dq;; frame of
first set of windings with SiC-MOS.

iV* 4413  Injected 13th harmonic current in the dq;3 frame of

first set of windings with SiC-MOS.

1. INTRODUCTION

ULTIPHASE motors are increasingly preferred over
Mconventional three-phase motors in electric vehicles,
locomotive traction, and ship propulsion due to their smaller
per-phase capacity, greater reliability, and reduced torque pul-
sations [1], [2], [3], [4]. In marine electric propulsion systems,
direct-drive multiphase motors are typically integrated directly
into the propulsive blades, which commonly operate at low
speeds ranging from a few hundred rpm. This aspect forms the
focus of the research discussed in this article [5], [6].

Conventional Si-IGBT devices face limitations in high-
performance, high-speed motor applications due to their low
switching frequency and significant device losses. In con-
trast, SiC-based devices offer advantages in achieving higher
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Fig. 1. Breakdown of liquid-cooled SiC-based traction inverter by cost.

efficiency and power density [7] compared to traditional Si-
based devices, owing to their lower losses, higher operating
temperature, and increased switching frequency [8], [9], [10].
SiC-based devices are increasingly favored in motor drives,
particularly for low-inductance motors, high-speed motors, and
high-temperature environment applications. In such scenarios,
significant increases in the device’s switching frequency can be
employed to maintain acceptable levels of current ripple [7], [8].

The primary challenge in implementing SiC-based invert-
ers is their high cost. For example, the cost breakdown of a
liquid-cooled SiC-based inverter is illustrated in Fig. 1, with
the expense primarily attributed to the SiC power module (or
discrete device), representing 72% of the total [11].

Numerous researchers have endeavored to hybridize Si-IGBT
and SiC-MOS devices, aiming to lower the overall cost of
SiC-based inverters. Simultaneously, they seek to fully exploit
the benefits of both low losses and the high switching frequency
inherent in SiC devices [12], [13], [14], [15], [16]. An example
is the documented applications of hybrid SiC-MOS and Si-
IGBT in three-phase grid-connected systems [16]. Connecting
two three-phase SiC-MOS and Si-IGBT inverters to the grid
compensate for overall harmonics through the high switching
frequency of SiC-MOS. Meanwhile, the switching frequency of
Si-IGBT is reduced to minimize losses. It should be noted that
the inverter formed by the SiC-MOS bridge legs constitutes only
a portion of the rated power. Its primary role is to provide har-
monic compensation, ensuring that the total harmonic distortion
of the current meets the specified requirements.

In summary, the hybrid schemes employing Si-IGBT and SiC-
MOS devices share common characteristics.

1) Utilizing SiC-MOS with lower switching losses compared
to Si-IGBTs and operating them in a high switching fre-
quency to ensure the overall output performance, includ-
ing parameters like total harmonic distortion (THD) of the
output voltage or achieving fast dynamic response [12],
[13], [17].

2) Allowing Si-IGBT to operate at a lower switching fre-
quency to mitigate switching losses, thereby enhancing
the overall efficiency of the converter.

A novel inverter structure incorporating a hybrid SiC-MOS

and Si-IGBT bridge arms was proposed in our previous work
[18], as depicted in Fig. 2. Considering an asymmetric six-phase
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Fig. 2. Proposed inverter with hybrid SiC-MOS and Si-IGBT bridge arms.

motor drive with two neutral points, one set of three-phase wind-
ings is powered by the SiC-MOS bridge arms, and the other set is
supplied by the Si-IGBT bridge arms. It is challenging to utilize
partially rated SiC-MOS bridge arms in a multiphase motor
driver due to the motor’s uniform winding design. Consequently,
the rated capacity of SiC-MOS and Si-IGBT devices should be
identical. However, multiphase motors offer increased degrees
of freedom for cooperative optimal control between phases due
to the magnetic coupling among different phase windings [4].

This research centers on low-speed applications, particularly
marine electric propulsion employing permanent magnet direct-
drive motors [10], [11], [19]. Within an inverter featuring hybrid
SiC-MOS and Si-IGBT bridge arms, torque ripple is suppressed
by elevating the switching frequency of the SiC-MOS to enhance
control performance while optimizing system efficiency by re-
ducing the switching frequency of the Si-IGBT. The topology
and tentative analyses were previously discussed in our earlier
work [18]. In this study, we enrich the theoretical analysis
and improve the control strategy with thorough experimental
verification. The major contributions are made as follows.

1) The article introduces a method for selecting the high
switching frequency for SiC-MOS and proposes a method
to suppress torque ripple through harmonic injection in the
winding set containing SiC-MOS, thereby enhancing the
torque control performance.

2) The article presents the OSFC method, which can de-
termine the Si-IGBT switching frequency for optimal
system efficiency under the predetermined frequency of
SiC-MOS.

3) The propulsion system efficiency is improved by optimiz-
ing load distribution between the windings set containing
SiC-MOS and the set containing Si-IGBT, especially un-
der light load conditions.

The rest of this article is organized as follows. In Section II,
the loss model of the inverter and the multiphase motor are
presented, which serves as an optimization basis for the pro-
posed OSFC and optimal load distribution (OLD) problem. In
Section I1I, this article introduces the switching frequency selec-
tion method of SiC-MOS, torque ripple compensation method,
OSFC method, and OLD method. Additionally, the proposed
hybrid bridge arm structure is compared with both all-Si IGBT
and all-SiC MOS schemes. The simulation and experimental
verification results are given in Section IV. Finally, Section V
concludes this article.
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(a) (b)

Fig. 3. Current flow path of SiC-MOS during (a) forward conduction,
(b) reverse conduction, and (c) dead time.

II. LOSS MODEL OF THE MULTIPHASE INVERTER AND
MULTIPHASE PMSM

A. System Loss Analysis

In the propulsion system, consisting of a multiphase motor and
a multiphase inverter, the total system losses primarily consist
of two parts: 1) motor losses and 2) inverter losses [20], [21],
[22]. Both components of losses must be taken into account in
the proposed OSFC and OLD methods for optimizing system
efficiency.

Inverter losses mainly consist of conduction losses, blanking
time losses, and switching losses [23], [24], with the detailed
modeling method described in Sections II-B and II-C.

The losses of multiphase permanent magnet synchronous
motors (PMSMs) mainly consist of iron losses, copper losses,
and eddy current losses of permanent magnets, along with
mechanical losses and additional losses [22], [25]. In marine
propulsion with low-speed and large torque motors, copper
losses account for the absolute majority. Since iron and eddy
current losses constitute arelatively small percentage of the total,
and the accurate analytical modeling is very complicated, the
motor’s copper losses are primarily considered [22], [25], [26].
The loss distribution of low-speed high-torque motors is outlined
with copper constituting the primary loss at 87% [27], making
it reasonable to focus primarily on copper loss. The methodol-
ogy for modeling copper losses in motors, encompassing both
fundamental and harmonic copper losses, will be detailed in
Section II-D.

B. Analytical Loss Model for SiC-MOS

The losses of SiC-MOS devices include three main parts:
1) forward and reverse conduction losses of the channel, 2)
body diode conduction losses during dead time, and 3) switching
losses of the device [7], [23], [28], [29].

For voltage source inverters, the current flows from the drain
to the source during the forward conduction of SiC-MOS, as
depicted in Fig. 3(a). The conduction loss generated during this
process can be derived as

1 Mecosp\ o
Pcon,F == 2TnI}BDS,on <8 + 37‘(‘) [pk(l)' (1)

For SiC-MOS devices, when the current flows through the
reverse channel from source to drain, as shown in Fig. 3(b), the
reverse conduction loss incurred in this process can be expressed
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(a) (b)

Fig. 4. Current flow path of IGBT during (a) forward conduction, (b) reverse
conduction, and (c) dead time.

as

1 Mcosy
Pcon,R = 2'rn]%SD,on (8 - 37‘() Ip2>k(1)' (2)

Another portion of the losses is attributed to the freewheeling
of the body diode during the dead time, as in Fig. 3(c) [29], [30].
The loss over this process can be expressed as

QVBDI (1) ]%BDI2

pk(1 pk(1)
T * 2 >

(Ta,sic — Ton,sic — Tosr,sic) fs—sic.  (3)

Pdead,BD =2m (

The switching loss of the devices is mainly related to the load
current, bus voltage, and gate resistance. Once the hardware
design of the inverter and the bus voltage are determined, the
switching loss is predominantly linked with the load current’s
amplitude [7]. Consequently, the relationship between the total
switching energy of the device and the load current is fitted
using a polynomial function. This work specifically adopts a
quadratic fit, expressing the switching energy as Egy, sic, which
can be derived as

By .sic = asici® + bsici + csic 4

where asic, bsic, and cgijc represent fitting coefficients for
the switching energy, the values of which can be derived by
curve fitting from the datasheet [28], [31], [32]. Thus, the total
switching loss can be determined as

G/S‘CIQ b i I C i
Py sic = 2m ~ekl) | SiCpk@) | ZSIC fs—sic-
4 T 2
)

Therefore, the total losses of SIC-MOS are

PSichOS = Pcon,F + Pcon,R + Pdead,BD + Psw,SiC~ (6)

C. Analytical Loss Model for Si-IGBT

Similar to SiC-MOS devices, the losses of Si-IGBT devices
are also comprised of the four components mentioned earlier.
However, there is a distinction in that the current flows through
the antiparallel diode instead of the reversed channel during the
reverse conduction of Si-IGBT [33], [34], [35].
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Fig. 5. Steady-state model of one set of three-phase windings of the motor.

The conduction loss of Si-IGBTs during forward conduction,
as in Fig. 4(a), is

M=

Verolpk(2) + RCEIka(z)
T 4

Peonr = 2n ‘ )
. +M cos (VCEoglpk(Q) + RCEglfk(2))

In the reverse conduction of Si-IGBT, where the current flows
through the antiparallel diode, as illustrated in Fig. 4(b), the loss
introduced during this process can be deduced as

1 VDka<2>+RDI§k<2>
2 T 4

. ®)
—M cos ( B2 4 RD;’%‘@))

Pcon,D =2n

As depicted in Fig. 4(c), during the dead time, the current
proceeds through the freewheeling diode, and the loss incurred
in this procedure is

2V I, RpI?
Pdead,D =2n ( Dﬂ_pk(Q) + 2pk(2)

(Ta,si — Tom i) fo-si- 9

Regarding the modeling of the switching loss of the Si-IGBT,
the same methodology is applied as for SiC-MOS, which will
not be reiterated here.

In summary, the total losses of the Si-IGBTs are

- Ton,Si

Psi_16BT = Poon,T + Peon,D + Pacad,0 + Pow si- (10)

D. Analytical Model of Copper Losses for Multiphase PMSMs

The motor’s copper loss is primarily categorized into two
parts: 1) one from the fundamental current and 2) the other from
the harmonic current. Harmonic currents predominantly consist
of low-order harmonics caused by the inverter’s dead time and
high-order harmonics due to inverter switching. The steady-state
equivalent circuit of the motor is illustrated in Fig. 5 [36].

For multiphase motors with a sinusoidal distribution of wind-
ings, the counter EMF primarily comprises the fundamental
component. Consequently, the solution for the harmonic current
induced by harmonic voltages can be obtained using the super-
position theorem. This implies that when solving for harmonic
currents, the fundamental EMF can be set to zero when only
harmonic voltages contribute to the generation of harmonic
currents, thereby simplifying the solving process [37].

1) Copper Loss Due to the Fundamental Current: The cop-
per loss produced by the fundamental current can be expressed
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as

2
mka(l)R N nka(Q)RS

2 2
2) Copper Loss From the Low Harmonics of the Current Due

to the Dead Time: The low harmonic voltage Aus, arising due
to the presence of inverter dead time [38], can be expressed as

Aug = —sign (is) AUgc (12)

an

PCul—

where i stands for the phase current, and AUy can be given as

T,
AUy = ?‘jUdc. (13)

The voltage Aug can be decomposed into a series of harmonic
components by the Fourier transform

Aug = Augqy + Z Us(h) (14)
heodd, h1
with
Us(h) = Uy, cos (h (wt + @(1))) (15)
AAUg (—1)"F
U, = Ji (16)
T h

where Aug (1) represents the fundamental component of Aug, h
denotes the harmonic order, odd signifies the set of odd numbers,
and (1) is the phase angle of Aug(y).

Consequently, the amplitude of the lower harmonic current
Is(n) in each phase for multiphase PMSMs with sinusoidally
distributed windings induced by the inverter dead time can be
derived as

Up,
Ly = 2= 17
» 1) o
with
Zh = Ry + jhwL. (18)

The copper losses resulting from the low harmonics of the
current due to the dead time can be written as

D

heodd,h#1

Peuwe = 19)

3) Copper Loss Due to the Harmonic Current Caused by
PWM: In the case of double-edge naturally sampled PWM, the
harmonic components of the PWM voltage waveform for each
converter leg and the resulting phase voltage can be assessed
through double Fourier integration [37], the harmonic compo-
nents without common mode ones in star connection that are
caused by the PWM can be expressed as

+o0 +oo

Us(pwetqwr) = Z Z Apq cos (p(wet + 0c) + g(wit + 61))
e 20)
with
2Vie pr R ks _
qu_{pﬂJq(QM)sm( 5 ) q—3;l:t1 @1
q =
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where Ug (pwc+ qw1) Tepresents harmonic voltage components
caused by PWM, [ is an integer number, and wc equals 27 times
the switching frequency f; sic or fs_si.

The amplitude of the PWM harmonic current in each phase
for multiphase motors with sinusoidally distributed windings
can be derived as

Us( we+quwi)
Is(pwc+qw1) | : +; 1| (22)
we+quwi
with
Zpwetqu = Bs + j(pwe + qw1) Ls. (23)

The copper losses induced by the PWM current harmonics
can be represented as

+
+oo 00 Rb

Pous = Z Z S(pwc+qw1

p=1g==+1

(24)

In summary, the expression for overall copper losses can be
defined as

Pey = Pour + Y (Pouz(fs-sic) + Peus(fs-sic))

m

4 Z (Pouz(fs—si) + Pous(fs—si))-

n

(25)

III. PROPOSED CONTROL STRATEGY AND EFFICIENCY
ENHANCEMENT METHOD FOR TRACTION INVERTER WITH
HYBRID S1IC-MOS AND S1-IGBT BRIDGE ARMS

A. Basic FOC Control of Hybrid SiC-Si Traction Inverter and
Multiphase PMSMs

For the multiphase motor system driven by a hybrid bridge
arm structure inverter, due to the different parameters of the SiC-
MOS bridge arm and Si-IGBT bridge arm devices. To realize the
current control between the two sets of windings. The multithree
phase control method can be used [39], [40].

The analysis in this work is performed on a six-phase motor
with two neutral points. However, the methods presented can
be extended to motors with more phases. In asymmetrical six-
phase motors with two neutral points, the current of two sets of
windings after the Clark transform is expressed as

iDL (0)] 4

{ ?[; [T3(0)] ianc 26)

io5 = [T3(m/6)] iuvw

with
2 [cos(y) cos (v + %’r) cos (v + 4;)
T — 27
[Ts ()] 3 Lin (v) sin(y+2F) sin(y+4F) 9
((l[; [ia1 im]TJSg: [ia2 iﬁz]T

ixsc = [ia iB iC}TaiUVW: liv iy iW]T (28)

The current in the ;-3 subspace after Park transformation
is
{'ij(l]) Pz(l)
(2)
L4q

P’l,(l) (29)
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torque pulsation. To enhance the control effectiveness of torque
suppression, the switching frequency can be chosen to be several
tens of times the 12th harmonic frequency [43]. Therefore, the

Fig. 6.  Field-oriented control algorithm of multiphase PMSMs with hybrid bridge arms.
where
cosf sinf
P = . . 30
—sinf cosf 30

A block diagram of the field-oriented control for multiphase
PMSMs driven by a hybrid bridge-arm structure inverter is
shown in Fig. 6. This diagram shows the multi-dq control
of two sets of three-phase windings independently [39]. The
same control frequency is used for both sets of windings. The
switching frequency of the SiC-MOS and Si-IGBT can be ad-
justed by varying the carrier frequency. In particular, this control
architecture minimizes the control system delay [41], especially
when operating at high control frequencies with low switching
frequencies. Please note that the control frequency should be a
whole number of multiples of the switching frequency.

The following methods, including torque ripple suppression,
OSFC, and OLD strategy, are optimizations based on basic
control. The torque ripple suppression method aims to reduce
torque pulsation by injecting harmonic currents into the winding
featuring the high-frequency SiC-MOS. The OSFC method
calculates the optimal switching frequency of the Si-IGBT to
enhance the system efficiency at the rated operating point based
on the predetermined switching frequency of the SiC-MOS. The
OLD problem focuses on optimizing the load sharing between
the two sets of windings to improve the system efficiency under
specified combinations of switching frequencies, particularly in
the light load condition of the propulsion system.

B. Selection for Switching Frequency of SiC-MOS Devices

Increasing the switching frequency of SiC-MOS aims to
enhance the system’s control performance. Many metrics reflect
the control performance of the system, such as torque ripple and
speed pulsation.

This study focuses on minimizing the motor’s torque ripple,
with the lowest number of torque pulsations in an asymmetrical
six-phase motor being 12 times the fundamental frequency [42].

The high switching frequency selection method employed
in this article aims to effectively suppress the 12th harmonic

minimum switching frequency f; gic.min Of the SiC-MOS can
be expressed, as shown in (31), where Ny, represents the
control cycles within the 12th harmonic frequency and f; is the
fundamental frequency

fsfsinmin > Nnum ' 12f1- (31)

The SiC-MOS in this article employs a 20 kHz switching
frequency as an example to enhance torque ripple suppression
at fi = 50 Hz and Ny, = 33.

The selection of high switching frequency in practice can be
adjusted according to the requirements of control accuracy, but
the control strategy proposed in this article is still applicable.

C. Torque Ripple Suppression Method Utilizing High
Switching Frequency SiC-MOS Bridge Arms

Selecting a high switching frequency for the SiC-MOS bridge
arm aims to enhance control performance by compensating
for the coupled magnetic fields between motor phases. The
high switching frequency allows the SiC-MOS bridge arm to
compensate for the overall magnetic field, thereby suppressing
the 12th torque ripple [42]. The following is a detailed analysis
of the torque ripple suppression strategy.

The expression for the kth phase current containing each
harmonic component is given by

ik = Z I, cos (h (wt — o) + @) (32)
h

Similarly, the kth phase EMF expression containing each
harmonic can be written as

e = ZEU cos (v (wt — ag) + 1y). (33)

This yields the expression for the motor torque as
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%cos((h—v)wt-i-wh—wv)ah_U:12q
(34)

{SE“” cos ((h +v)wt + @p +1hy) ,h +v =12¢q

where ¢ is the integer.

Therefore, the most dominant torque ripple in asymmetrical
six-phase motors is 12th, and it mainly arises from the interaction
of the fundamental EMF with the 11th and 13th harmonic
currents, and the fundamental current with the 11th and 13th
harmonic EMF [42], [44]. When control with i; = 0 is used,
assuming that the ¢; and vy are equal to zero, the expression
for the 12th torque ripple is

3E1]11 COS(let + (,011) + 3E1.[13 COS(].Q(JJt + @13)
Wi

+ 3E11]1 COS(12Mt+’¢11)+3E13]1 COS(l?wt+w13)
W, '

Tioih =

(35)

To reduce the 12th torque ripple to essentially zero, torque
pulsation suppression can be achieved by injecting 11th or 13th
harmonic currents. In our work, the 11th harmonic current is
injected to suppress torque pulsation. The amplitude and phase
of the injected 11th harmonic current are expressed as

I I1\/E} +E3+2E11 E13 cos(¥11—113)
11 —

£ . (36)
Ei1 cosii+FEi3cosipig
FEi1siny11+FEi13sinis

p], = T + arctan (

It should be noted that the above amplitude refers to harmonics
injected through all windings. If injected through only SiC-MOS
set of windings, the injection amplitude must be doubled. There-
fore, the expression for the injected 11th and 13th harmonic
current in SiC-MOS set of wingdings is

. (1) * * * : *
{z((iq)ll = [2111 cospyy 217 singyy
L(1)* T
zc(iq)13 = [0 O]

]T
(37

Note that to suppress torque pulsations, we only use SiC-MOS
windings. The uncontrolled 11th and 13th harmonic currents are
present in the motor winding where the low switching frequency
Si-IGBT is located due to nonideal factors like inverter dead
time, leading to torque pulsations. Therefore, we extract the
11th and 13th harmonics from the Si-IGBT winding and inject
the opposite harmonics into the SiC-MOS located windings
to compensate for the overall magnetic field of the motor and
reduce the additional torque pulsations caused by the harmonic
currents in the Si-IGBT located windings. Therefore, the final
expression for the current references injected into the winding
with SiC-MOS is given by

(1)* * % % . « 17T (2
{"'c(iqil = [2111 cospyy 21 sin ‘Pu] - kll’l’c(lq)ll (38)
(1)* .(2
’Lc(lqi)l?) = 7’(7132((1(1)13
with
kit ki
kll = |: 1 ]f%1:| 7k13 = |: 13 k%3:| (39)
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Fig.7. Control block diagram of torque pulsation suppression section utilizing
SiC-MOS bridge arms.

where i(z)dqll and i(z)dq]_;; is the feedback 11th and 13th har-
monic current in the second set of windings with Si-IGBT, the
coefficient matrix k defaults to the unit matrix, which can be
adjusted to improve the compensation as it compensates for
the control delay [42].

The control block diagram considering torque pulsation sup-
pression through the winding where the SiC-MOS is located
is shown in Fig. 7, which consists of an extraction part to
extract the current harmonics of the winding where the Si-IGBT
bridge arm is located and a part to inject the harmonic current
of the winding where the SiC-MOS is located in order to
eliminate the 12th torque ripple. The current controller can be
directly embedded and used in Fig. 6.

D. Proposed OSFC Method to Find Optimal Switching
Frequency of Si-IGBT

The loss modeling method for multiphase motors and mul-
tiphase inverters with hybrid bridge arms is known from
Section II, and the method concerning the switching frequency
selection when high switching frequencies are used in the bridge
arms of SiC-MOS devices is presented in Section III-B. Subse-
quently, the OSFC method will be elucidated for determining
the switching frequency of the Si-IGBT to optimize system
efficiency.

The OSFC problem can be mathematically described as

min Psicmos (fs-sic) + Psi—1aBr (fssi) +Peu(fs-sic, fssi)
s.t.

Js—sic = fs—siC—min
fs—sic > fs-si-

The OSFC problem aims to find the optimal switching fre-
quency by minimizing losses in the inverter and motor while

(40)
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TABLE I

KEY PARAMETERS OF TWO DEVICES

Parameter Value Parameter Value
Rps,on 50 mQ Veeo 1.0V
Rsp.on 50 mQ Rce 29 mQ

Vep 49V Vp 1.2V
RBD 45 mQ RD 15 mQ
Tusic L us Tasi 3us
Ton‘SiC 31 ns Ton.Si 61 ns
Tostsic 30 ns Totrsi 600 ns
asic 0.056 ,uJ/Az asi 0.293 ,uJ/AZ
bsic 1.213 wJ/A bsi 36.67 uWJ/A
Csic 115.3 ,uJ Csi 251.23 /AJ
TABLE II
KEY PARAMETERS OF SIX-PHASE MOTOR
Parameter Value
Bus voltage 200 V
Rated power 2.3 kW
Rated speed 600 r/min
Rated torque 35 Nm
Rated current(RMS) 11 A
Rated voltage(peak) 90V
Pole pairs 5
Stator phase resistance R 0.153 Q
Stator phase inductance L 0.7 mH
Permanent magnet flux 0.15 Wb

adhering to the minimum value of the selected SiC-MOS
frequency, which is f_sic_min, thereby determining the IGBT’s
switching frequency. The OSFC strategy primarily focuses on
enhancing efficiency at the motor’s rated torque point, which
can be solved offline by scanning each combination of switching
frequencies using MATLAB.

The OSFC method described above is universally applica-
ble. In this work, we select C3M0040120J1(SiC-MOS) and
IKW40N120T2(Si-IGBT) for analysis aimed at meeting the
design requirements of inverters with a maximum bus voltage
of 600 V and a peak phase current of 20 A. These devices
share identical rated voltage and current capacities of 1200 V
and 40 A. The 600 V bus voltage can be utilized for higher
speed motors, expanding the inverter’s application beyond
low-speed and high-torque propulsion [22].

However, this article focuses on low-speed and high-torque
multiphase PMSMs, which require a lower bus voltage. Consid-
ering the propulsion motor’s demand, 200 V bus voltage suffices.
Thus, simulations and experimental verifications in this article
are conducted under a 200 V bus voltage.

The key parameters of both devices are displayed in
Table I. These parameters were obtained through consultation of
datasheets and fitting. Parameters a, b, and c represent the fitted
switching loss parameters at a junction temperature of 100 °C,
an external driving resistance of 10 {2, and a bus voltage of 200 V,
respectively.

The parameters of the six-phase motor are shown in the
Table II.

In the OSFC problem, Fig. 8 illustrates the results of
considering only the inverter losses. The red line in Fig. 8
demonstrates that inverter losses decrease as the switching
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Fig.9. Inverter losses and the share of losses of the SiC-MOS and the Si-IGBT

bridge legs when the SiC-MOS operates at 20 kHz.

frequency of the SiC-MOS increases and that of the Si-IGBT
decreases. The breakdown of the losses for both Si-MOS and
Si-IGBT is presented in Fig. 9 with SiC-MOS operating at
20 kHz, it can be seen that reducing the switching frequency
of Si-IGBT has a significant effect on reducing the converter
losses.

However, solely concentrating on inverter losses inadequately
addresses the OSFC problem, as it entails continuously reducing
the switching frequency of the Si-IGBT, leading to increased mo-
tor harmonic copper losses. Therefore, motor harmonic copper
losses must be considered concurrently. The copper loss of the
motor is shown in Fig. 10 when different switching frequency
combinations are adopted.

The analytical results, including both inverter losses and
motor copper losses, are depicted in Fig. 11. In solving the
OSFC problem, when the f;sic constraint (31) is enforced,
optimal system efficiency is achieved by appropriately reduc-
ing the switching frequency of the Si-IGBT. Given that the
Jssic in this work must be greater than or equal to 20 kHz in
Section III-B, theoretical analysis indicates that the optimal
switching frequency for f;g; is 3 kHz, minimizing system
losses.
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E. Proposed OLD Strategy for Light-Load
Efficiency Improvement

Fig. 9 shows that the losses in the Si IGBT bridge arm are a
larger proportion of the total inverter losses. Despite the identical
rated current capacity of each phase in the hybrid bridge arm
inverter, there are still degrees of freedom to optimize the load
distribution between the windings driven by SiC-MOS and Si-
IGBT bridge arms under light loads, thus, further enhancing
system efficiency.

Notably, the proposed OLD strategy is analyzed with the
determined optimal switching frequency combination. In this
study, the switching frequency combination solved by OSFC
method with 20 kHz for the SiC-MOS and 3 kHz for the Si-IGBT
is adopted. The demand for solving the OLD problem lies in
determining the optimal distribution of the load between the
two sets of windings. The sum of the loads of the two sets of
windings should be equal to the total load of the motor

(1) (2)

iagzzaﬁ—l—laﬂ. 41)

Hence, the load on the two sets of windings can be expressed

as
.(1) .
15 = dig
{ oo “2)
7’(1/3’ = (1 - d)iaﬁ
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Fig. 12.  Optimal distribution line from no load to rated torque.

It also follows from (26) that

(1) _ j(wt+o1)
7’04 =1 k(l)eJ 1
{ (f) . 43)

iop = Tpk(z)e? 0T

where the I, kmax is the maximum phase current limit, oy is the
initial phase angle of the current vector.

Therefore, at a certain load level, the OLD problem can be
described as (44), which aims to solve the current distribution
coefficient d to minimize system losses. The OLD problem is
solved by simply scanning the losses in MATLAB offline at
different load levels under different current distribution ratios,
and a curve for the optimal distribution ratio d can be obtained.

The OLD line is determined by (44) across various load levels
from no load to rated load with specified speed, as depicted
in Fig. 12. It reveals that under light load conditions, the SiC-
MOS is favored to handle the load, aiming to enhance system
efficiency

min Psic-mos(d) + Psi—iger(d) + Peu(d)
s.t.

‘ iglﬂ) ’ < kamax

(2)

B
(1 .

zg[g = dinp

i) = (1 dyi
af ap

de[0,1].

%

< kamax

(44)

A comparison of losses using the proposed OLD strategy and
with traditional even distribution is illustrated in Fig. 13. It can
be observed that at light load, the total loss reduction reaches
up to 12% when optimal allocation is employed, as opposed to
even distribution. The percentage of loss reduction is defined as

f _ Poven—dis — Poptimal—dis

45
Pevenfdis ( )
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Fig. 13.  Losses when loads are evenly distributed compared to the proposed
OLD strategy in light-load conditions.

TABLE III
COST BREAKDOWN OF THE INVERTER WITH HYBRID BRIDGE ARMS AND FULL
SIC-MOS SOLUTION FOR SIX-PHASE MOTOR DRIVE

Inverter with hybrid ~ Cost and Inverter with full Cost and
bridge arms Number SiC-MOS Number
C3MO0040120J1 31USD*6 C3M0040120J1 31USD*12
IKW40N120T2 9USD*6 X x
2SD315A1
(IGBT Driver) 100USD*3 * *
62EM1 62EM1
(SiC-MOS Drivery ~ >30USP™3 (SiC-MOS Driver) 330USD™6
Total Cost 1530USD Total Cost 2352USD

where Peyen-dis 15 the total losses when the load is evenly
distributed, and Poptimal-dis 15 the total losses when the OLD
is used.

Due to the substantial proportion of losses experienced under
light loads, a 12% reduction in losses holds significant impor-
tance in enhancing the efficiency of the system during such
conditions.

It should be noted that because the loss of the converter and
motor cannot be completely accurate, some errors are inevitable.
However, the results can still serve as a useful reference for
actual operation. We can fine-tune near the optimal value ob-
tained offline to quickly obtain the optimal switching frequency
combination and OLD in practice.

FE. Comparison With All Si-IGBT and All SiC-MOS Solutions

The primary benefit of utilizing an inverter with hybrid bridge
arms over an all-SiC-MOS inverter is cost-saving. The cost
analysis comparing the hybrid bridge arm solution with full
SiC-MOS, utilizing the C3M0040120J1 and IKW40N120T2
devices as examples, is presented in Table III. Prices were
sourced from Mouser.cn. The comparison primarily focuses on
the devices and the driver circuit, revealing that the hybrid bridge
arm solution can achieve a cost reduction of 35%.

The main advantage of utilizing an inverter with a hybrid
bridge arm over an all-Si-IGBT inverter is the reduction in losses.
As depicted in Fig. 14, utilizing hybrid bridge arms can result
in 28% loss reductions compared to a full Si-IGBT solution in
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Fig. 14.  Comparison with all Si-IGBT(20 kHz) and all SiC-MOS(20 kHz)
solutions.

rated points. The utilization of SiC-MOS bridge arms constitutes
one of the primary factors contributing to loss reduction, with
additional reductions achieved through the implementation of
OSFC and OLD strategies for the hybrid bridge arms.

Compared to the all-Si-IGBT scheme, the proposed hybrid
bridge arm can effectively suppress the 12th torque ripple
through the increase in switching frequency of SiC-MOS, en-
suring enhanced control performance. And the efficiency of
the system can be further enhanced through the utilization of
OSFC and OLD methods. Furthermore, in comparison to all
SiC-MOS solutions, the proposed hybrid bridge arm structure
offers substantial cost savings.

IV. EXPERIMENTAL RESULTS
A. Experimental Setup

The experiments were performed on a six-phase permanent
magnet synchronous motor (PMSM) with two isolated neutral
points. The motor parameters are detailed in Table II. Addi-
tionally, the main circuit of the inverter with a hybrid bridge
arm structure is illustrated in Fig. 15 with exploded view and
prototype.

The inverter is controlled using a DSP and FPGA framework,
where the DSP is responsible for closed-loop control and gener-
ating the duty cycle, while the FPGA is tasked with modulating
and generating the switching signals, as shown in Fig. 16. In the
hybrid switching frequency scheme, the control frequency for
both sets of three-phase windings is identical. In this study, the
control frequency is set to 20 kHz, as the switching frequency
of SiC-MOS is chosen as 20 kHz. The distinction lies in the
fact that the FPGA employs a different switching frequency. It
should be noted that in this control architecture, when the control
frequency is 20 kHz, it is an integer multiple of the switching
frequency. Therefore, the switching frequency of the Si-IGBT
can be selected as 20 kHz, 10 kHz, 6.6 kHz, 5 kHz, 4 kHz,
3.3 kHz, 2 kHz, or 1 kHz. Hence, based on theoretical analysis,
the optimal switching frequency of the IGBT is determined to be
3 kHz, which should be selected as 3.3 kHz in the experiment.

In the overall efficiency test of the propulsion system, the
input power of the system is measured by the power analyzer,
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Fig. 16.  Control framework in the DSP and FPGA.

which is Zimmer LMG670 on the dc source side, while the
output power is measured by the torque and speed meter, which
is Kistler 4502, as shown in Fig. 17. The output power Py, can

be derived as
1
Pow = 7 /D Tw

where T and w are the output torque and angular velocity
measured by torque and speed meter, and D is the integration

(46)
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time, which can be chosen as a multiple of the fundamental
period.

Therefore, the total losses of the propulsion system are
calculated by subtracting the input power from the output
power as

Bloss = Pn — Pou 47
where Pj, is measured by power analyzer and P, by torque
and speed meter, and Pj.ss is the total losses of the propulsion
system.

It is worth noting that Py, encompasses all losses in the
propulsion system, comprising inverter losses, copper and iron
losses, eddy current losses, mechanical losses, and any addi-
tional losses occurring in the motor. In contrast, the analyses in
Section III only considered the most significant inverter losses
and the motor’s copper losses. Therefore, there are some differ-
ences between them. However, since the optimization objective
of this study is to minimize the overall losses of the system, the
correctness of the proposed method can be verified based on
P loss-

B. Experimental Validation of 12th Torque Ripple Suppression
Method Utilizing High Switching Frequency SiC-MOS
Bridge Arms

To validate the effectiveness of 12th torque pulsation sup-
pression, experiments are conducted at different loads and
torque. The torque ripple suppression method utilizing high
switching frequency SiC-MOS bridge arms is described in
Section III-C. Torque measurements are obtained using the
Kistler 4502 torque meter. The E11/E; and E13/E; of the motor
are 0.01 and 0.05, respectively, and 17 and 113 are 7w and
0.

Fig. 18 presents the results of implementing the torque ripple
suppression algorithm at rated torque and rated motor speed us-
ing an inverter with a hybrid bridge-arm structure. The switching
frequencies utilized are 20 kHz for SiC-MOS and 3.3 kHz for
Si-IGBT. The FFT analysis of the torque, as shown in Fig. 19,
indicates that the amplitude of the 12th torque ripple decreases
from 1.3 Nm to 0.74 Nm, representing a 43% reduction. This
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Fig. 18.  Current and torque waveforms before and after applying torque ripple
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inverter.
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Fig. 19.  FFT analysis of the torque at 600 r/min and rated torque. (a) Without
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Without torque ripple ‘With torque ripple

suppression suppression
36 [] [ 1s/div
Z35
&~
34
40133
Z 20 204
= 38%)
) R 0 0.8
0 0 12 15 70 12 15

Harmonic Order Harmonic Order

Fig.20. Torque waveforms and FFT analysis before and after applying torque
ripple suppression at steady state at 300 r/min and the rated torque.

reduction highlights the effectiveness of the suppression algo-
rithm. Additionally, Fig. 18 provides current waveforms before
and after the implementation of the torque ripple suppression
algorithm. It is observed that harmonic currents are injected into
the set of windings where the SiC-MOS is located to suppress
torque ripples.
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Fig. 22.  Current and torque waveforms at steady state at 600 r/min and rated
torque 35 Nm with full-IGBT inverter operating at 20 kHz.

The effectiveness of the torque ripple suppression strategy
at different speeds and loads is shown in Figs. 20 and 21. It
can be seen that the proposed torque ripple suppression method
can effectively suppress torque pulsation at different speeds and
loads.

When utilizing the full Si-IGBT inverter with a switching
frequency of 20 kHz, the current and torque waveforms of each
phase of the motor at rated torque and speed are depicted in
Fig. 22, with torque ripple measured at 2.1 Nm. Compara-
tively, when employing the hybrid bridge arm structure, with
SiC-MOS operating at 20 kHz and IGBT at 3.3 kHz, torque
control performance can match that of the full IGBT at 20 kHz
when utilizing the torque pulsation compensation algorithm.
Therefore, it is feasible to ensure overall torque control by
elevating the SiC-MOS switching frequency while concurrently
reducing the switching frequency of Si-IGBT.

C. Experimental Validation of the OSFC Methodology

The feasibility of increasing the switching frequency of the
SiC-MOS to suppress torque ripple and ensure overall control
performance has been validated in Section I'V-B.

The following presents experimental verification of the pro-
posed OSFC strategy, aiming to optimize system efficiency
by decreasing the switching frequency of the Si-IGBT while
maintaining the control performance ensured by a SiC-MOS
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Fig. 24. System losses of Si-IGBT with different switching frequencies at
SiC-MOS operating at 20 kHz with different speed at rated torque.

switching frequency of 20 kHz. Fig. 23 illustrates the wave-
forms and FFT analysis of phase current and line voltage under
different switching frequency combinations at the rated speed
and torque of the motor. It is observed that reducing the Si-
IGBT switching frequency leads to a decrease in inverter losses,
but this reduction is accompanied by an increase in harmonic
currents, which will generate copper loss. Therefore, a tradeoff
process exists to determine the optimal Si-IGBT switching fre-
quency for maximizing system efficiency.

The losses of the system with different speeds when the
switching frequency of the Si-IGBT is 20 kHz, 10 kHz, 6.6 kHz,
5 kHz, 4 kHz, 3.3 kHz, 2 kHz, or 1 kHz and the switching
frequency of the SiC-MOS is 20 kHz are given in Fig. 24, and

TABLE IV
COMPARISON OF THEORETICAL AND EXPERIMENTAL OSFC AT DIFFERENT
SPEEDS
Speed Theoretical optimal Experimental optimal
(rpm) combination (fssi fssic) combination (f;s;. fs-sic)
600 (3 kHz, 20 kHz) (3.3 kHz, 20 kHz)
450 (3 kHz, 20 kHz) (3.3 kHz, 20 kHz)
300 (3 kHz, 20 kHz) (3.3 kHz, 20 kHz)
150 (3 kHz, 20 kHz) (2 kHz, 20 kHz)
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Fig. 25. Current waveforms at rated speed and 0-0.4 times the rated torque

with OLD problem.

it can be seen that the reduction of the switching frequency of
the Si-IGBT is of great importance in improving the efficiency
of the system. Experimental results reveal the optimal switching
frequency for Si-IGBT at different speeds, demonstrating a close
alignment between the theoretical and actual values, as shown in
TableIV. A slight deviation exists at 150 r/min, but the difference
in loss is not significant. Therefore, the proposed OSFC strategy
is effective at different speeds.

D. Experimental Validation of the OLD Strategy

The following is an experimental verification of the OLD
problem. The optimal current distribution factor d is calculated
and prestored in the microcontroller.

The current waveforms at various loads with OLD are de-
picted in Fig. 25, showcasing motor speeds of 600 r/min and
load levels ranging from 0-0.4 times rated torque. Notably, dif-
ferences in current magnitude between the two sets of windings
are observed with varying load current distribution factor d.

Additionally, Fig. 26 illustrates the total loss of the propulsion
system measured during experiments operating at load levels
ranging from 0-0.4 times the rated torque at different speeds.
Employing OLD leads to a reduction in system loss of up to
15% at load levels ranging from O to 0.1 times the rated load
with different speeds. Given the inherently low efficiency of
the system at light loads, reducing losses by 15% can lead to a
corresponding increase in system efficiency by approximately
2-3%.
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Fig. 27.  System overall losses compared with full-SiC and full-IGBT.

E. Loss Comparison With All-SiC-MOS and
All-Si-IGBT Scheme

In the experimental test shown in Fig. 27, the hybrid bridge-
arm inverter incorporating OSFC and OLD strategies is com-
pared with the all-Si-IGBT scheme. It is observed that at rated
load, the hybrid bridge-arm inverter can reduce losses by 30%,
a substantial improvement in system efficiency.

The hybrid bridge-arm structure employed not only reduces
costs by 35% compared to an all-SiC-MOS solution but also
diminishes system losses by 30% compared to an all-Si-IGBT
(20 kHz) setup. Furthermore, the hybrid bridge-arm solution
demonstrates comparable torque control performance to that
of an all-Si-IGBT with 20 kHz configuration by the proposed
torque pulsation suppression method as shown previously in
Figs. 18 and 22.
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V. CONCLUSION

This article proposes a hybrid inverter structure with bridge
legs of SiC-MOS and Si-IGBT devices to fully exploit the
advantages of low switching losses of SiC-MOS. Elevating
the switching frequency of SiC-MOS and implementing the pro-
posed torque ripple suppression method can result in effective
mitigation of torque pulsations and enhancement of control per-
formance. Building upon this foundation, the proposed OSFC
method optimizes system efficiency by lowering the switching
frequency of Si-IGBT. Furthermore, the efficiency of the ship
propulsion system at light loads is further enhanced by the pro-
posed OLD method. These methods have been experimentally
validated, confirming that the torque ripple suppression method
can effectively reduce pulsation by over 43%. Additionally, the
correctness of the OSFC method is established, and the proposed
OLD method demonstrates a potential reduction of up to 15%
in propulsion system losses under light load conditions. Finally,
the efficiency of the hybrid bridge-arm scheme is compared with
that of the all-Si-IGBT scheme, revealing a potential reduction
of up to 30% in system losses while saving 35% cost compared
to all SiC-MOS inverters.
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