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Abstract: To improve the endurance mileage of electric vehicles (EVs), it is important to decrease the
energy consumption of the Permanent Magnet Synchronous Motor (PMSM) drive system. This paper
proposes a novel loss optimization control strategy named system efficiency improvement control
which can optimize both inverter and motor losses. A nonlinear power converter loss model is built
to fit the nonlinear characteristics of power devices. This paper uses double Fourier integral analysis
to analytically calculate the fundamental and harmonic components of motor current by which the
fundamental motor loss and harmonic motor loss can be accurately analyzed. From these loss models,
a whole-frequency-domain system loss model is derived and presented. Based on the system loss
model, the system efficiency improvement control method applies the genetic algorithm to adjust the
motor current and PWM frequency together to optimize the inverter and motor losses by which the
system efficiency can be significantly improved without seriously influence on the system stability
over the whole operation range of EVs. The optimal effects of system efficiency is verified by the
experimental results in both Si-IGBT-based PMSM system and SiC-MOSFET-based system.

Keywords: permanent magnet synchronous motor; inverter loss; fundamental loss; harmonic
loss; double Fourier integral analysis; nonlinear loss model; system loss; efficiency optimization;
SiC-MOSFET; electric vehicle

1. Introduction

One of the major challenges currently faced in the transportation sector is how to decrease the
dependency on fossil fuels and thus reduce the emission of greenhouse gases. As electric vehicles (EVs)
have the advantage of eliminating the automobile exhaust and offer an ultimate solution for sustainable
personal mobility [1,2], EVs seem to be one of the best future alternatives for the automotive industry
and transportation [3]. However, the limited operational range of EVs is a major drawback which is
mostly affected by the battery management system and motor drive system. As the motor drive system
is the main power source of EVs, the efficiency of the drive system will directly influence their mileage
endurance. Compared with induction motors (IMs) and switched reluctance motors (SRMs) [4,5],
permanent magnet synchronous motors (PMSMs) with their advantage of high power density and
high efficiency, can decrease the energy consumption and improve the operational mileage of EVs [6-8],
therefore, the PMSM direct drive system has been widely applied in EVs for transportation.

The optimization of the electromagnetic structure and control strategy of PMSMs has been widely
discussed in recent years. There are several PMSM control strategies, such as i; = 0 control, maximum
torque per ampere (MTPA) control, maximum speed per voltage (MSPV) control, unity power factor
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(UPF) control, loss model control (LMC) and etc. [9-24]. The i; = 0 control is the most conventional
vector control method used in PMSM drive systems. In [9-11], the finite element method (FEM) is
used to calculate the motor loss, and the i; = 0 control is used to drive the PMSM system to verify
the performance of a PMSM. By keeping the motor current in the d-axis at zero, the i; = 0 control
can make the electromagnetic torque and g-axis motor current proportional, and will not damage
the magnetic properties of the permanent magnet. However, in [12], the iy = 0 control method could
not minimize the stator current in the interior of a PMSM in which the d-axis magnetic inductance
is not equal to g-axis magnetic inductance, and could not achieve minimum copper loss in IPMSMs.
Compared with other control strategies, the MTPA control method can take advantage of the reluctance
torque of the motor, by which the stator current is decreased [13-16]. In [16], the improved MTPA
control takes the core saturation and cross coupling of the d- and g-axis magnetic flux into account, and
the motor performance was optimized with the consideration of the impact of various temperatures.
The MTPA control can obtain the minimum stator current and achieve the least copper loss below the
rated speed. Meanwhile, the MSPV control can optimize the stator voltage and obtain the optimal
stator iron below rated torque [17]. However, as the losses of a PMSM are comprised of copper loss
and iron loss, both the MTPA control method and MSPV control method only consider part of the
total motor loss, and ignore the coupling relationship between copper loss and iron loss. Therefore,
neither the MTPA control strategy nor the MSPV control strategy will achieve the maximum motor
efficiency in PMSMs [18]. The UPF control can keep the power factor of PMSMs to one and decrease
the energy consumption in the power transfer process [19-21]. In Ref. [21], a PMSM drive system with
small DC-link capacitor applied UPF control to stabilize the motor driving and decrease the energy
loss on the input side. As the UPF control does not take into consideration the power loss in PMSMs,
the motor efficiency will not always achieve the maximum value under UPF control. The LMC can
optimize both copper loss and iron loss by the PMSM loss model and improve the motor efficiency of
the PMSM system [22-24]. In Ref. [23], the motor iron loss is calculated by the iron loss resistance, and
both the iron loss and copper loss are optimized. The LMC enables the drivetrain to operate safely
at the maximum attainable performance limits. In Ref. [24], the Bertotti iron loss formula is used to
analyze the stator iron loss, and iron loss is verified by the FEM model. Based on the loss model,
the proposed control method fully considers the cross effect and iron loss, and can maximize the
efficiency of PMSMs. However, these recent optimized motor efficiency control strategies only focus
on the optimization of the motor loss, and neglect the coupling relationship between motor loss and
inverter loss. Therefore, as the inverter loss is an important part of system loss in the PMSM system
for transportation, these motor control strategies will not achieve the maximum system efficiency.

There are also many control strategies for three-phase half-bridge inverters in the PMSM drive
system [25]. Modern methods about three-phase inverters such as selected harmonic elimination pulse
width modulation (SHEPWM) [26], current harmonic distortion minimization PWM (CHMPWM) [27],
harmonic injection PWM (HIPWM) [28], space vector pulse width modulation (SVPWM) [29], etc.,
always focus on the modulation optimization to decrease the harmonic components of the output
voltage in the three-phase inverter. In Ref. [26], a method of smooth transition between different
SHEPWMs is proposed to adapt to the SPMSMs and IPMSMs, by which smooth transition of current
is guaranteed and the harmonic current is reduced. In Ref. [27], considering the saliency ratio and
load angle constraints, a new current harmonic evaluation index is proposed, and based on it, the
improved CHMPWM guarantees good performance of both current THD and the specific order
current harmonics. All these control strategies ignore the coupling relationship between motor loss
and inverter loss. As the inverter loss is an important part of the efficient performance in the PMSM
drive system, the efficiency optimization of the three-phase inverter will directly improve the power
loss of a PMSM system. Therefore, to acquire a higher system efficiency of a PMSM drive system,
The PWM control strategy must take consideration both harmonic components of output voltage and
the power loss of power devices in the three-phase bridge inverter.
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This paper proposes a novel efficiency control strategy to improve the power loss of PMSM drive
systema, which can optimize both motor and inverter losses. An accurate nonlinear loss model of
a three-phase half-bridge inverter is built to predict the conduction loss and switch loss exactly in
the sine-wave PMSM system. This paper applies the double Fourier integral analysis to analytically
calculate the fundamental component and harmonics of the inverter output voltage, by which a global
motor loss model of the PMSM is established. The global motor loss model can take consideration of
both the fundamental motor loss and harmonic motor loss, which shows the coupling relationship
between motor loss and inverter loss. Based on the nonlinear inverter loss and global motor loss
model, the proposed efficiency optimization control strategy can optimize the motor current and PWM
frequency together, by which the PMSM drive system can achieve higher system efficiency compared
with traditional control strategies. The loss reduction effect is tested and verified by experiments.

2. Nonlinear Loss Model of Three-Phase Inverter

The most common three-phase inverter for PMSM system is the three-phase half-bridge voltage
source inverter, which is shown in Figure 1. The main inverter losses of the PMSM system are
conduction loss and switch loss within power devices. To optimize the inverter loss, it is important
to build an accurate loss model for the power device. Although there is strongly nonlinearity in the
conduction characteristics and switch characteristics of power device, the most common mathematical
model of power device loss is a linear model, which is shown in Figure 2.
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Figure 1. Typical topology of three-phase voltage source inverter.
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Figure 2. Linear model and nonlinear model.
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The linear model of conduction characteristics in IGBT can be expressed as:
Ucesat = Uy + ReeIce (1)

where Uy is the saturation voltage of power device, Uy is the equivalent conduction voltage of
power device in rated current I,;, Re is equivalent conduction resistance of power device in rated
current I,,.

It can be seen that the traditional linear model of power device can only obtain accurate power
device loss at the rated current I,. The prediction error will increase when the current of power device
deviates from the rated working point. However, the motor current in PMSMs is a sinusoidal current,
whose value is changing all the time. Therefore, the traditional linear model will not calculate the
inverter loss of PMSM drive system exactly.

To acquire the inverter loss accurately, this paper builds a novel nonlinear model of power devices,
which can fit the nonlinear conduction and switch characteristics in each operation condition of a
PMSM system. The nonlinear conduction model of IGBT can be shown as:

Uee = ac+be-Iee + Cc'lgg (2)

where a., b, and c, is fitting coefficients of the nonlinear conduction characteristics. From Figure 2,
it can be seen that the nonlinear model can accurately fit the power device nonlinear conduction
characteristics in the whole operation range of a PMSM system.

As the stator current in PMSM system is changing in a sinusoidal way, the inverter loss will also
change at any moment. Therefore, the average conduction loss of IGBT in on current period can be
calculated as:

1 *Teurrent 3
Pconduction_IGBT = T t/O Uceicedt (3)
current

where Teyrrent is the period of sinusoidal stator current.
By substituting Equation (2) into Equation (3), the conduction loss of IGBT can be shown as:

a 2c b a 2b 3¢
Peonduction_IGBT = ;Clo + 377518 + ﬁl& + ZCM cos ¢-Ip + 3—7;M cos ¢-13 + 1—6CM cosp-I3  (4)

where I is amplitude of stator current, M is the modulation ratio of sine-wave pulse-width modulation
(SPWM), and ¢ is power factor of the PMSM:

2
Uy Uy 2\ ugtug

B % B Uge Uge ©
The nonlinear conduction model of free-wheeling diode (FWD) can be also expressed as:
Uf:af+bf1f+cf1% (6)

where 4y, by and ¢y is fitting coefficients of the nonlinear conduction characteristics of FWD.
Similar to the average conduction loss of IGBT, the average conduction loss of FWD in one current
period can be shown as:

2c b a 2b 3c
—f-Ig +-L I ~ Mcos ¢-Ip— 3 L M cos @13 — " Mcos el ()

a
Pconduction?FWD = ;flo + 37 E 1 e T

From Equations (4) and (7), the average conduction loss of three-phase half-bridge inverter in one
current period can be calculated as:

Pconduction_inverter =6 (Pconduction_IGBT + Pconduction_FWD) (8)
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The switch characteristics of power devices can also be fitted by proposed nonlinear model. The
nonlinear switch-on and switch-off model of IGBT can be expressed as:

u
Eon = _—de (uon + bon-lce + Con'1&25> (9)
dc_test
_ Uy 2
Eoff = Ui roo (aoff + boff Lee +coff Ice) (10)

where E,, and Eg are the energy consumption in a switch -on and switch-off process, respectively.
U, is the DC voltage, and U, .+ is the DC voltage when the chip manual tested switching
characteristics of the power device. a4, bon, Con, Aoff, boﬁz and Coff 18 the fitting coefficients of the
nonlinear switch characteristics.

Based on the nonlinear model of switch characteristics, the average switch loss of IGBT in one
current period can be shown as:

fswudc . 1

1 1
Pwiten_1GBT = T [4 (Con + Coff) I + p (bon + buff) b+ (“0" + “f)ff)} (11)
c_tes

where fs, is the switch frequency of PWM.
Similar to the switch loss of IGBT, the reverse recovery loss of FWD can be also expressed as:

U, 1 1 1
{;Z:_tj; : (4Crec1g + ;breclo + arec> (12)

P rec_.FWD = 2

where ayec, brec and cye. are fitting coefficients of reverse recovery characteristics.
Therefore, the switch loss of inverter can be predicted as:

Pswitch_inverter =6 (Pswitch_IGBT + Prec_FWD) (13)

and the total loss of power devices in the three-phase half-bridge inverter can be expressed as:

ploss_inverter = Lconduction_inverter + Pswitch_inverter
ac+a 2(cc+e be+b ac—a
T fIO + ( 3 f) 15’ + 471f1(% + 7 fMCOSgD-IO
=6 +72(b;;bf)Mcos @15+ LC%?”MCOS cp-IS’
STUU C
Lootlac [% <Con + Coff + Crec) I(% + %(bon + boff + brec) Ip + % (aon + Aoff + arec)]

dc_test

(14)

3. Global Loss Model of PMSM

As the PMSM is fed by a three-phase inverter, there must be fundamental current and harmonic
current in the PMSM, which is caused by the PMW output voltage of the inverter. The fundamental
current drives the motor with the output electromagnet torque and produces a fundamental copper
loss and a fundamental iron loss. The harmonic current will impact the stability of the system and
creates harmonic copper loss and harmonic iron loss. To optimize the losses of a PMSM drive system,
it is important to build an accurate global loss model of the PMSM which consider about both the
fundamental motor loss and the harmonic motor loss.

3.1. Fundamental and Harmonic Components of PWM Output Voltage

The PWM output voltage of inverters must induce a harmonic stator current in the PMSM drive
system. The harmonic stator current produces a harmonic motor loss which will affect the system
efficiency of the PMSM drive system. To build an accurate harmonic loss model of a PMSM,, it is
necessary to create an analytic method to calculate the harmonic motor current quickly and exactly.
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By sine-wave pulse-width modulation (SPWM), the PMSM can obtain a sinusoidal current from
the three-phase half-bridge inverter. The typical working principle of SPWM is shown in Figure 3.
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Figure 3. Typical working principle of SPWM in the three-phase PMSM drive system.

The three-phase sinusoidal references displaced in time by 120°, which can be expressed as:

Uy, = Ugcoswot = %Mudc cos woyt
Uy, = Ug cos (wot — %7{) = 1 MUy, cos(wot — %n) (15)
Uz, = Upcos(wot + 37) = MUy, cos(wot + 37)

where Uy is the amplitude of three-phase sinusoidal references.

To obtain the harmonics of the motor current, the harmonics of the inverter PWM output voltage
must be acquired. As it is a complicated problem to measure the harmonics of PWM voltage signal in
the SPWM and the harmonic components of PWM signal are always obtained from the time varying
simulated signal of PWM output voltage by fast Fourier transform (FFT) analysis. Although the
FFT method can conveniently solve the harmonics in a relatively accurate way, the precision of FFT
results is limited by the computing capacity and the simulated round-off. The FFT analysis can only
obtain the harmonics of PWM signal at a certain working point of the PMSM drive system and cannot
acquire the harmonics of the inverter output voltage for the whole operation condition. In contrast,
the double Fourier integral analysis can calculate the fundamental component and harmonics of a
periodic PWM waveform in an analytic method, which ensures the accuracy of the harmonics and
acquires the harmonic voltage of the inverter leg across overall operation condition of the PMSM direct
drive system.

The double Fourier integral analysis [30,31] applies two time-varying variables (x(t) and y(t)) to
define the PWM signal of inverter output voltage. The x(t) is used to define the carrier signal, which
can be shown as:

x(t) = wet + 6, (16)
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where w, is the carrier angular frequency and 6. is the arbitrary phase offset angle for the
carrier waveform.
y(t) is applied to delimit the fundamental signal (as the sinusoidal reference signal of SPWM),
which can be expressed as:
y(t) = wot + 6o (17)

where wy is the fundamental angular frequency and 6 is the arbitrary phase offset angle for the
fundamental waveform.
The PWM output voltage of the inverter leg can be presented as:

an(t) = Fx(6), (1) ={ ES s s

where a,(t) is defined with respect to the negative DC bus.
By applying double Fourier integral analysis theory, the time-varying function f(x(t), y(t)) can be
expressed as a summation of the harmonic components:

Flxy) =20+ ¥ {Agy cos[n(wot + 00)] + Boy sinfn(wot + 6)]}
n=1
+ oZoj {Amo cos[m(wct + 6c)] + By sin[m(wct + 0.)]}
ngl o (19)
+ ;1 Y. {Amncos[m(wet + 6c) + n(wot + 609)] + Bumn sin[m(wct + 6;) + n(wot + 6p)] }

(n £0)

where Aqg is the DC offset; Ay, and By, are the fundamental component and base-band harmonics;
Ao and By, are the carrier harmonics; A, and B, are side-band harmonics.

The fundamental component and harmonic components of the inverter PWM output signal can
be calculated by the double Fourier integral analysis as:

Z(14+Mcosy) li(mx-+ny)]
Amn +1Bmn = 3 2/ / T (14+Mcosy) Hice Ay 20

Substituting Equation (15) into Equations (19) and (20), the fundamental and harmonic
components of the inverter phase-leg PWM output voltage can be expressed as:

Uaz(t) = $Uge + 21Uz M cos wot + 2g%"f Zl L1o(mZEM)sin(m%)- cos[m(wet + 6c)]
m=

—l—% OZo: nioo {%]n(mgM) sin[(m + n)%]- cos[m(wt + 6.) —|—nw0t}}
m=1 _

n=-—o

n#0
up, (F) = 2Uge + YUy M cos(wot — 37r) + 2ie 21 L1 (mEM)-sin(m%)- cos[m(wet + 6c)]
m=
[e0) n=oo
+2Me Y g { L Ju(mFM)-sin(m + 1)) coslm(wet + 6c) + n(ewot — §71)] | (21)

m=1 n=—co

n#0

ez (t) = JUge + $UgeMcos(wot + 37) + Zli—“’f Zl LIo(mZEM)-sin(m%)- cos[m(wct + 6c)]
m=

12 5T g mEM)sin(m+ )] coslm(awet + ) + n(wpt + 3]}
m=1 n = —o0

n#0

where the constant term 1U,, is caused by the output voltage definition with respect to the negative
DC bus. [, (§) is the Bessel function of the nth order.
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The fundamental voltage creates the fundamental current in the PMSM, which will bring the
fundamental motor loss. Furthermore, the harmonic current caused by the harmonic components of
inverter output voltage will generate harmonic motor losses.

3.2. Fundamental Motor Loss

The fundamental motor loss of PMSM can be divided into two parts: the fundamental copper loss
and fundamental iron loss. The fundamental copper loss is caused by the fundamental stator current
through the stator armature winding. The fundamental iron loss consists of stator iron loss and rotor
iron loss. Compared with the stator iron loss, the rotor iron loss is so small that it will have little effect
on the loss optimization. Hence this paper only considers the stator iron loss and ignores the rotor iron
loss. The fundamental mathematical model of PMSM in the d-axis and g-axis is shown in Figure 4.

le Rs g Uod iod Lmd

Ig

Ug

1y, Linglog |+

1,00,

npermdiod

Uy R C
cf

(b)

N

Figure 4. Fundamental mathematical model of PMSM. (a) Fundamental motor model in the d-axis;
(b) fundamental motor model in the g-axis.

The voltage equation and current equation of a PMSM can be expressed as:

di : di ,
ug = Lig%gt + Rs_fig + Lya"$2 — npwy Linglog
o dig . ding .
ug = Liggy +Rs fig + L;WW +npwrbs + npwrLidlod
i .
Uod = Lyg £ — 1wy Linglog

di .
Uog = Lmq# + npwrb s + npwrLiygiog

(22)

lg = fcq +lod
ig =1cg + 1o
o (23)
leg = R Uod

icg = R%uuq
where L,,3,4 and Ly4,, are the stator’s self-inductance and leakage-inductance in the d-axis and g-axis,
respectively; R ¢ is defined as the fundamental stator’s resistance without consideration of skin
effects and proximity effects, R, s is the iron loss resistance for the fundamental iron loss and 7y, is the
pole pairs of the PMSM; w; is the motor rotation speed; i, and iy ; are the stator’s voltage and the
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stator’s current, respectively; i,; and i,; are the magnetizing currents of the PMSM in the d-axis and
g-axis; iy and icq are the exciting current of PMSM in the d-axis and g-axis. ¥y is the flux linkage of
permanent magnet.

From the mathematical model of PMSM, the fundamental copper loss can be shown as:

3 ) )
Peu s = 5Rs ¢(+12) (24)

where the transformation coefficient % is caused by the d-g axis current calculation with CLARKE and
PARK transmission in the principle which remains the motor flux value invariable.
The fundamental iron loss can be described as:

3 . ;
Pro = SRe(i2+1%) (25)

The stator iron loss consists of the eddy current loss and hysteresis loss. From the Bertotti iron
loss formula [24], the eddy current loss and hysteresis loss per volume can be expressed as:

2 k2
o dB2 f2 (26)

dPr = dPre y +dPre g = KBy f + — LB},

where dPr, j, is the eddy current loss per volume and dPr, 4 is the hysteresis loss per volume; kj, is the
coefficients of the hysteresis loss; ¢ is the conductivity of the material; and k; is the thickness of the
lamination. These three parameters are material characteristics of the motor core; f is the frequency,
and By, is the peak value of the magnetic flux density.

Equation (26) shows that there is a linear relationship between hysteresis loss and the frequency
of the magnetic field. In addition, the relationship between the eddy current loss and the square of
magnetic field frequency is a direct ratio. Therefore, the iron loss resistance can only describe the eddy
current loss precisely. To acquire an accurate iron loss, the iron loss resistance R, is a variable of the
rotor speed.

From Equations (24) and (26), the fundamental motor loss of PMSM drive system can be shown as:

Pmotor_f = PCu_f + PPe_f
_ 3 2 2 3 2 2
= 3Ry (B+2) + 3R (2, + 12,

di . 2 dio . 2
. Lyg =28 — 1,0, Liygi . Ling =2 41,0, p4+-1pwyLygi
<10d e ch — Dq) + (ZU‘] + ’ ,R [ 27)

3
= 7R5_f

C

2

di - \? di X
3 (Lmd % 7npw,Lqunq> + (Lmq % +npw,1])f+npw,Lmdzod)
T2 R
C
Equation (27) shows that the fundamental motor loss of a PMSM is a function of d-axis magnetizing
current i,4, g-axis current magnetizing current io; and motor speed w;. The electromagnetic torque can
be expressed as:

3 ) .
T, = E”p [lbfloq + (Lya — Lmd)lodloq} (28)

Therefore, the g-axis current magnetizing current i,; can be acquired by the electromagnetic
torque as:
, 2T,
log = :
3”P [lbf + (Lmd - Lmd)lod}

By substituting Equation (29) into Equation (27), it is seen that the fundamental motor loss of
a PMSM drive system is a function a function of the d-axis magnetizing current i,;, electromagnetic
torque T, and motor speed w;. For a constant operation condition where the electromagnetic torque

(29)
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and motor speed are given, the fundamental motor loss is only a function of d-axis magnetizing

current i,;:

3.3. Harmonic Motor Loss

The harmonic motor loss model of a PMSM is shown in Figure 5.

Pmotor_f = f(iod/ Te, wr)

. Ly
Loa_mn e
uazimn laJnH Rs_mn lca_mn _ Rc_mn
| I |
Uoaz_mn
. L
Lob_mn —~ ,-\ms,-\
Z’lbz_mn tb_mn Rsimn lcbimn RCJ"”
Uobz_mn
i Lms
oc_mn M~~~
Uez mn Le_mn Rs—mn Lee mn RC_’””
Uobz_mn

Figure 5. Harmonic motor loss model of a PMSM.

The harmonic voltage equation and harmonic current equation can be described as:

Uaz mn
Upz_mn
Ucz mn
Uoaz_mn
Uobz_mn
Uocz_mn

Unz_mn =

= Uoaz_mn + lu_mn'Rs_mn
= Uophz mn + lbfmn'Rs_mn

= Uocz_mn + 1c_mn'Rs_mn

= iou_mn 'jwmn Lins
= iob_mn 'jwmn Lins

loc_mn 'jwmn Lus
1
3

iu_mn = ioa_mn + icu_mn
1y mn = lob_mn + Leb_mn

Z'CJnn = Z.ocfmn + iccﬁmn

lea_mn = R_ . Woaz_mn
Leb mn = Remn Uobz_mn
lec_mn = Uocz_mn

Re_mn

(uuz_mn + Upz_yn + uCZ_mn)

Z/lnzimn

(30)

(31)

(32)

where Ugz_mn, Up; my and e,y are the A-phase, B-phase and C-phase output voltages of the inverter
in the n-th fundamental signal and the m-th carrier signal, respectively. 4oaz_mn, Uopz_mn aNd Uocz_mn
are the three-phase magnetizing voltages of PMSM in the n-th fundamental signal and the m-th carrier
signal. igz_mn igz_mn and iz;_mn are the three-phase motor currents in the n-th fundamental signal and
the m-th carrier signal. i, p, coz mn and i, p ccz_mn are the three-phase magnetizing currents and exciting
currents of PMSM in the n-th fundamental signal and the m-th carrier signal, respectively. R. j; is
the harmonic iron loss resistance of the n-th fundamental signal and the m-th carrier signal, and the
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Wy is the angular frequency of the n-th fundamental signal and the m-th carrier signal, which can be

expressed as:
Wi = N-Npwy + 27TM- fzp (33)

Rs_um is the stator’s resistance in the n-th fundamental signal and the m-th carrier signal which
has been considered about skin effect and proximity effect:

Rs mn = “'Rs_ f (34)

where « is the coefficient of skin effect.  is affected by the frequency of harmonic current, which can
be described as:

_a ben() bein () —berh () bei( ) )
2v/26 [beré(ﬁ)r + [beif)(ﬁ)r

where d is the copper wire diameter of stator windings, and ¢ is the depth of penetration. The depth of
penetration is affected by the current frequency, which is shown in Figure 6.

10

o/ (mm)

0.1 — ] ———rrrrrf ——
0.1 1 10 100

f1 (kHz)

Figure 6. Penetration depth of copper wire with current frequency.

The terms bery and beiy are the zero order Kelvin function, which can be expressed as:

bero(u) — fbeio(u) = Jo (”e;]f) o (36)
) o ) - (1)

From Equations (31) and (32), the amplitude of three-phase currents of PMSM can be described as:

I _ (z’uazfmn — Upz_mn — ”czfmn)‘]'wanms'Rc
= 3[Rc‘Rs_mn + jwanms'(Rc + Rs_mn)]

(37)

where I , is the amplitude of three-phase magnetizing currents, and Is s is the amplitude of
three-phase currents.
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Therefore, the harmonic copper loss can be expressed as:

o0 o0 o0
Poupn =3 Y BosRomn+ Y, Y I2,nRemn (38)
n=2

m=1 5= —c0

n#0

From Equation (26), it can be seen that the harmonic iron loss is affected by the frequency of
magnetic field and amplitude of magnetic flux density. As the magnetic flux density is different
between stator tooth and yoke, the harmonic iron loss can be presented as:

PFe_mn = PFe_t_mn + PPe_y_mn = dPFe_t_mn'Vt + dPFe_y_mn'Vy (39)

where V; and V) is the total volume of stator tooth and stator yoke, respectively. dPr,_¢_my is the iron
loss density of the n-th fundamental signal and the m-th carrier signal in the stator tooth, which is
shown as:

2ok?

dPFe_t_mn = dPFe_h_t_mn + dPPe_d_t_mn = kh B%q?t?mnfmn + TdB%ngnfmnz (40)

where f;,;, is the frequency of the n-th fundamental signal and the m-th carrier signal, and B, ¢ un is
the amplitude of harmonic magnetic flux density in the stator tooth:

b

2np

where g; is the pole arc factor, Q is the number of slot, S; is the physical area of a stator tooth.
As the harmonic fluxes can be obtained from harmonic flux linkage as:

1III’H}’!

Dy = —21
" Nl'de_mn

(42)

where N is the number of turns per phase, and Ky,_,;, is the harmonic winding factor.
Therefore, from Equations (40)—(42), the harmonic iron loss in the stator tooth can be expressed as:

2 2
¥ m2ok> ¥
PFe_t_mn = kh #'QS; fmn+ 6 4 L %,05; fmnz Vi (43)
Nl'defmn ,an Nl'deJnn lznp

Similar to the calculation of magnetic flux density in the stator tooth, the magnetic flux density in

the stator yoke can be:
lIji’l’”’l

B 1
le'defmn'Sy

(44)

m_y_mn —

where Sy, is the physical areas of a stator tooth.
From Equations (39) and (44), the harmonic iron loss in the stator yoke can be calculated as:

¥ ? n2-o-k? k4 ’
Proymm = [k [ ) f + g = f® |V )
= < %Nl 'de_mn 'Sy " 6 %Nl 'de—m”'sy " ’

Therefore, the harmonic iron loss can be expressed as:
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PFe_mn - PFe_t_mn + PFe_y_mn

2 2
LinsI T tTk LisI 2

— kh msdos_mn f d mslos_mn f Vi

~0S mn + @.-QS mn t
N ‘de_mn %Tpt ledp_mn lszt (46)

Lins1, T rfk Lys1
+ k mslos_mn d mslos_mn n
h %Nl‘de_mn Y fmn %Nl'de_mn fm

As the harmonic iron loss can also be expressed as:

(Wmn : Ios_mn “Lis )2

RC?WZVI

PFE mn — 3IQC mn’* CS _mn = 3 (47)

Substituting Equation (46) to Equation (47), the harmonic iron loss resistance can be obtained as:

2
? B 3722, N? de n
c_mn —
- T ak n3 Vi %
(ko 255130 )-(H+ )

From Equation (48), it can be seen that the harmonic iron resistance is more susceptible to the
frequency of the harmonic signals. To obtain the accurate harmonic iron loss, the harmonic iron loss
should be calculated in each harmonic component of the PWM voltage.

Based on the harmonic loss model, the amplitude of the three exciting currents of PMSM can be

(48)

described as: )
(”bz_mn + Ucz_mn — z'uazfmn)‘wanms'Rc

I = , , 49
e 3[Rc‘Rs_mn + ]wanms'(Rc + Rs_mn)]‘(Rc + ]wanms) 49)
Hence, similar to the harmonic copper loss, the harmonic iron loss can be expressed as:
PFeh_3 Zlcs On RC+Z Z Iczs _mn’ (50)
n=2 m=1 p=_
n 7& 0

Therefore, from the harmonic copper loss model and harmonic iron loss model, the harmonic
motor loss of PMSM drive system can be shown as:

fee] o0
Pmotor h = PCu _h +PFe h = 3 Z Is on’ s mn + Z Z 152 mn ‘Rs mn + Z Ics . On ‘Re + Z 2 Igs_mn‘Rc (51)

n=2 m=1 n=—co n=2 m=1 yp=—co
n#0 n#0

3.4. Global Loss Model of PMSM

Based on the fundamental motor loss model and harmonic motor loss model, the global loss
model can be expressed as:

Ploss_motor = Lmotor_f + Pmotor_h

diyy o\ 2 diog N
: Lind " —1p@WrLmgiog : Ling —gp +11pwr s +11p@r Lindlod
- 2 s f lod + R + loq + R

C C

di . \2 di . \2
(Lmd%*”pwimq’ﬂﬂ +(L"“i%+nﬂw’wf+nPwVerrdlod) (52)

Re

+3

+3 Z s _On Rs_mn + 2 2 Is _mn Rs _mn + Z cs - On Rc"‘ E 2 Ics mn Rc

m=1 n=—-c0 m=1 n=—co

n#0 n#0
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By substituting Equations (22) and (29) to Equation (52), the global motor loss can be described as:

Ploss_motor = Dmotor_f + Pmotor_h
= f<i0d/ ioq,w,) + f(M, wy, fsw) (53)

= f(ZOdI Tel w?’) + f(lod/ TEI wrrfsw)

Equation (53) shows that the fundamental component of the global motor loss is a function of
d-axis magnetizing current i,;, electromagnetic torque T, and motor speed w,, while the harmonic
components of global motor loss are a function of d-axis magnetizing current i,;, electromagnetic
torque T,, motor speed w, and PWM frequency fsy.

4. System Loss Optimized Control for PMSM Drive System

From Equations (14) and (53), the system loss of PMSM drive system can be expressed as:

Ploss?system = Plossjnverter + Plossfmotor

aeta 2(ce+e be+b ac—a
f1+ (Snf)13+ 4nf15+ choscpIO

=6 +2(b3 )Mcos Pl + (CC Cf)McoS K
{;;;Ltlii ’ |:1 (Con + Coff + Crec) IO + % (bon + bO f + bTLC IO + 2 (uon + aoff + arec>i|
a i X2
+%R57f |:(iod =+ %W) + <ioq + Lmq df +nl’w’1;prf+nﬁwi’Lmdlod> :| (54)

. \2 di .
2

c

+3 Z Is On'RSJﬂ?1 + Z Z Is mn RS mn + Z cs _On Rc + Z Z Ics _mn Rc
n=2 - m=1 p= - m=1 n=—-o0

n#0 n#0

Equation (54) shows that the system loss of a PMSM drive system is so complicated that it is
impossible to directly optimize the system loss by an analytical method. Therefore, to maximize the
system efficiency of PMSM system, the system loss can be divided into two parts: one part is the loss
only affected by motor operation state and the other part is the loss affected by motor and inverter
operation state, which can be shown as:

Ploss_system = PMotor_affect_loss + PDouble_affect_loss (55)

where the loss only affected by motor state in the steady state can be expressed as:

octar) gy 4 Mecter) po | S0etby) oy 3(000) s .1,

PMotor_uffect_loss =
+ (bc hf)Mcosq) I3+ e )Mcosgo I3

o 2 . nypwr r+npwy Lyt 2
+§Rs_f{(lod_v'RCm‘W) +<zoq+”'¢fR—f’"’“d) } (56)
+3 (npermquq)2+(npw,l,bf+npw,Lmdiad)

2 R.

= Peonduction_inverter + pmotor?f

and the loss affected by motor and inverter operation state in the steady state can be shown as:

Ppouble_affect_loss = fretie. [% <Con + Coff t Crec) I[) + = (bon + boff + brec) Ip+ 3(”011 +aoff + arec)}

Udc?tfs[

+3 zzls_OH-Rs,mﬁ L X 12 i Re_mn + z 2 onRe+ L L 2 R | (57)
n= m=1 n=—-c m=1l n=—co

n#0 n#0
= Pswitchfinverter + pmotor?h
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Based on the system loss model, this paper proposes a system efficiency improvement control
which aims to optimize the system loss and improve the system efficiency of a PMSM system over the
whole operation condition range of EVs. As the system loss model is too complex to solve, the proposed
control strategy optimizes the system efficiency by minimizing the loss affected by motor operation
condition (Ppjotor_affect_ioss) and the loss affected by motor and inverter operation state (Ppoypie_affect_oss)-

Equation (57) shows that Posor_affect_loss is only affected by the motor drive parameters (o4, iog,
M, wy). By substituting Equations (5), (15) and (22) into Equation (57), the Ppjotor_affect_loss can be
simplified as:

PMotor_affect_loss = Peonduction_inverter + Pmotor_f = f(iod/ T., wr) (58)

Equation (58) shows that the 10ss Pyioror_affect_ioss 1S @ function of d-axis magnetizing current iy,
electromagnetic torque T, and motor speed w;. Therefore, for each certain operation point, there must
be an optimal d-axis magnetizing current i,;*, which can minimize the loss affected by motor state.
The optimal d-axis magnetizing current i,;* can be expressed as:

Te=const wy=const

aPMotor_uffect_loss -0 (59)

iy

fod=log

By keeping the d-axis magnetizing current i,; at the optimal value, the proposed system efficiency
improvement control can minimize the loss affected by motor operation condition at each working
point of the PMSM system in EVs.

There are two constraints for the optimal d-axis magnetizing current ip;*. One is that, in order to
protect permanent magnet, the optimal d-axis magnetizing current should smaller than the maximum
flux-weakening current, which can be shown as:

| ij;d | < id_fluxweakening_mux (60)

where iy fyxweakening_max 18 the max flux-weakening current.

When the d-axis current is larger than the maximum flux weakening current, the magnetic
performance of the permanent magnet will be damaged beyond retrieval. Therefore, to maintain
the system stability of PMSM drive system, the d-axis current should not exceed the max
flux-weakening current.

The other one is the total motor current should smaller than the maximum value of inverter
current, which can be expressed as:

ig + i <12 ax (61)

where I; 4y is the maximum allowable current of inverter.

When the d-axis magnetizing current i,; is controlled at i,;*, the motor operation state is
determined. Therefore, the second part of system 10ss Ppoupie_affect_loss Will be only affected by the
PWM frequency fs, of the power converter, which is shown as:

PDoubleﬁaffectJoss = Pswitch_inverter T Potor_n = f(fsw) (62)

The PWM frequency fs, impacts on the switching loss of the inverter and harmonics of motor
loss. The high carrier to noise ratio (CTNR) in the higher PWM frequency will decrease the harmonics
of the motor current, which will reduce the harmonic motor loss. However, an increasing switch loss
will be caused by the higher PWM frequency. Therefore, it is significant to obtain the optimum PWM
frequency fs,* which can achieve the minimum value of switching loss and harmonic motor loss.

However, the PWM frequency fs,, not only has an important influence on the loss affected by the
motor and inverter operation state, but also affects the system stability of the PMSM system in EVs.
As mentioned above, the PWM output voltage of the inverter must cause the harmonic current in the
PMSM and the harmonic current will be greater in the low CTNR with small PWM frequency, which
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may seriously affect the stability of the PMSM system. In order to ensure the security and stability of
the PMSM system, the PWM frequency must be carefully chosen by which the CTNR will meet the
requirement of current total harmonic distribution (THD).

Therefore, the optimum PWM frequency fs,* can be obtained by the proposed system efficiency
improvement control as:

Te=const,wr=const

< s < THDyax
LR+ E L Bk
=t O e
70 = fsw+
fsw=fsw fulla [ . (63)
|5\ Con + Copf +Crec | Iy + 3 bon + boff + brec | Io +3(ﬂon +aoff + rec

Uge_test

® ) o ) © 0 ) )
+3| = 15 0,,‘R57m11 + X r Is_mn'Rsfmn + ¥ Ics OM‘RC + ¥ ¥ Ics_mn'RC
n=2 - m=1 y=—co n=2 m=1 y=—-co

n#0 n#0

Min(Pswitch_inwrm + Pmotor_h) = Min

As there are infinite sums in the calculation formula of harmonic motor loss, it is too complicated
to solve optimum PWM frequency fs,*. Therefore, this paper applies the genetic algorithm (GA) to
improve calculation efficiency of the optimized PWM frequency. The GA is a random global search
method based on applying the principle with survival of the fittest solution which selects a generation
by fitness functions and manipulates the next generation by genetic operators. The flowchart in
Figure 7 shows the steps applied to design optimized PWM frequency by the GA.

Generation of random
initial parameters

¥
Evaluation of the objective
fitness function for each
individual

Stop criterion

Ranking individuals
from best to worst

End of the optimization:
best parameter

T 2NN

| |

. |

: Selection |

| |

| |

| |

| |

: ' l

Generating a 1 |

new : Crossing :

population | :
|

I |

| |

| 3 |

| |

: Mutation :

| |

| |

Figure 7. Flowchart of the GA for system loss optimized control.

The GA uses the goal of minimizing the loss affected by the motor and inverter operation state
as the objective function for parameter tuning. The function of the second term is to penalize the
THD of the motor current. By the GA, the optimized PWM frequency fs,* of each operation condition
for EVs can be obtained in a simple and fast way. Based on the optimization of the two parts of the
system loss, the system efficiency improvement control can minimize the system loss by adjusting the
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magnetizing d-axis current and PWM frequency at the optimum value over the whole operation range.
The proposed control strategy can increase the efficiency of the PMSM drive system and reduce the
energy consumption of EVs, by which the endurance mileage of EVs in one charge will be significantly
improved. The structure diagram of the proposed system loss optimized control system is shown in
Figure 8.

o Dynamometer
for EVs

Uy, ] ( -
L | PMsM |T|
b Torque

System efficiency
improvement
control

A A

ref

Throttle

Ad A

0 d j
Figure 8. Structure diagram of the proposed system efficiency improvement control system.

5. Experimental Results and Discussion

Figure 9 shows an experimental platform of a PMSM drive system which is designed and
implemented to verify the performance of the proposed system loss optimized control strategy.

The motor in the test platform is a 21 kW outer rotor surface PMSM, which parameters are listed
in the Table 1. The 45 kW PMSM inverter is based on the Si-IGBT power devices to drive the outer
rotor PMSM. The Si-IGBT modules used in the experimental platform are the FF300R06KE3, and the
fitted coefficients of FF300R06KE3 are shown in the Table 2.

Heat pipe
radiators
21kW
PMSM

Dynamometer
for EVS/HEVs

40kW
PMSM
inverter
Power
resistance

Figure 9. Cont.
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Figure 9. Experimental platform of PMSM drive system. (a) Si-IGBT based inverter; (b) Physical
prototype experimental platform; (c) Diagram of the experimental platform.

Table 1. Parameters of the outer rotor surface PMSM.

Parameter

Value

Rated Power
Rated Speed
Poles
Slots
Stator Outer Diameter
Rotor Outer Diameter
Active Length
Air Gap Length
Number of Turns Per Phase
Spacer Factor
Phase Resistance
Phase Inductance
Rated Current
Current Density at Rated Torque
Flux Linkage
DC Link Range

21 kW
300 r/min
22
24
278 mm
312 mm
170 mm
1 mm
104
45%
0.06 O
3.18 mH
74 A
425 A/mm?
0.623 Wb
360 V-420 V

Table 2. Fitting coefficients of Si-IGBT modules.

Parameter Value
Fitted coefficient of conduction characteristics a, —1.025 x 10~°
Fitted coefficient of conduction characteristics b, 0.005367
Fitted coefficient of conduction characteristics ¢, 0.6158
Fitted coefficient of conduction characteristics ay —3.075 x 107>
Fitted coefficient of conduction characteristics bf 0.01074
Fitted coefficient of conduction characteristics cr 0.4758
Fitted coefficient of switch characteristics oy 6.992 x 10~?
Fitted coefficient of switch characteristics by, 5.187 x 10°©
Fitted coefficient of switch characteristics ¢,y 0.0009089
Fitted coefficient of switch characteristics ayg 6.903 x 10~
Fitted coefficient of switch characteristics by 3.486 x 10~°
Fitted coefficient of switch characteristics ¢, 0.00164
Fitted coefficient of recovery characteristics ay,c —3.107 x 108
Fitted coefficient of recovery characteristics byec 2.599 x 10~°
Fitted coefficient of recovery characteristics crec 0.001242
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The 330 kW, 8000 r/min special dynamometer for HEVs/EVs are applied as the mechanical load
for the outer rotor PMSM to simulate the operation load characteristics of EVs. The power converter
for PMSM is controlled by a TMS320F28335-based DSP controller (produced by Texas Instruments
Company, Dallas, TX, USA). The controller applies the proposed system efficiency improvement
control method and traditional MTPA control strategy on the PMSM drive system. The experimental
results of the PMSM drive system by MTPA control are shown in Tables 3 and 4. Table 3 shows the
experimental results of the Si-IGBT-based PMSM drive system with different power at rated torque,
and Table 4 shows the experimental results with different torque at rated speed.

Table 3. Experimental results at rated torque in the MTPA control.

Motor Speed System Input Power =~ Motor Input Power Mechanical Power Inverter Motor System
(r/min) (kW) (kW) (kW) Efficiency Efficiency Efficiency
300 24.17 22.83 21 94.44 91.98 86.87
250 20.79 19.08 17.5 91.76 91.72 84.16
200 17.09 15.38 14 90.02 91.05 81.96
150 13.61 11.72 10.5 86.14 89.62 77.20
100 10.05 8.10 7 80.62 86.41 69.66
50 6.86 4.53 35 66.06 77.26 51.04

Table 4. Experimental results in the rated speed by the MTPA control.

Motor Torque  System Input Power ~ Motor Input Power Mechanical Power Inverter Motor System
(Nm) (kW) (kW) (kW) Efficiency Efficiency Efficiency
668 24.17 22.83 21 94.44 91.98 86.87
600 21.73 20.47 18.85 94.18 92.09 86.73
500 18.19 17.06 15.71 93.80 92.08 86.37
400 14.68 13.70 12.57 93.31 91.74 85.60
300 11.22 10.38 9.42 92.50 90.75 83.94
200 7.83 7.12 6.28 90.96 88.22 80.24
100 4.49 3.90 3.14 86.88 80.41 69.86

Tables 5 and 6 show the performance of the PMSM drive system with the proposed control
strategy. The experimental results at rated torque are shown in Table 5, and the experimental results at
different torque is presented in Table 6.

Table 5. Experimental results at rated torque in the system efficiency improvement control.

Motor Speed System Input Power = Motor Input Power Mechanical Power Inverter Motor System
(r/min) (kW) (kW) (kW) Efficiency Efficiency Efficiency
300 24.15 22.81 21 94.45 92.07 86.96
250 20.63 19.07 17.5 92.44 91.77 84.83
200 16.78 15.37 14 91.60 91.08 83.43
150 13.12 11.71 10.5 89.25 89.68 80.03
100 9.40 8.10 7 86.17 86.42 74.47
50 5.89 4.53 35 76.91 77.26 59.42

Table 6. Experimental results in the rated speed by the system efficiency improvement control.

Motor Torque  System Input Power ~ Motor Input Power Mechanical Power Inverter Motor System
(Nm) (kW) (kW) (kW) Efficiency Efficiency Efficiency
668 24.15 22.81 21 94.45 92.07 86.96
600 21.71 20.44 18.85 94.15 92.22 86.82
500 18.17 17.03 15.71 93.73 92.24 86.46
400 14.65 13.66 12.57 93.24 92.02 85.80
300 11.18 10.33 9.42 9240 91.17 84.26
200 7.79 7.07 6.28 90.76 88.83 80.62
100 4.46 3.86 3.14 86.55 81.35 70.40

Tables 5 and 6 show that the proposed control strategy can improve the efficiency of the PMSM
direct drive system at each operation condition. Compared with traditional MTPA control, Figure 10
shows that the proposed system efficiency improvement control can decrease both the motor loss and
inverter loss.
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Figure 10. Efficiency optimization performance on the motor efficiency and inverter efficiency by the
proposed system efficiency improvement control. (a) Motor efficiency at rated speed; (b) inverter
efficiency at rated torque.

Figure 10 shows that the system efficiency improvement control strategy can decrease the motor
loss and increase the 0.94% motor efficiency at rated speed. Furthermore, the proposed control strategy
can also reduce the losses of power converter, by which the inverter efficiency can be added at 10.85%
at rated torque. Figure 11 shows the system efficiency by the traditional MTPA control method and the
proposed control strategy.
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Figure 11. Efficiency optimization performance on the system efficiency by the proposed system
efficiency improvement control. (a) System efficiency at rated speed; (b) system efficiency at rated torque.

It can be seen that the system efficiency improvement control method can obtain higher system
efficiency than the traditional MTPA control over the whole operation condition range of the PMSM
direct drive system. The proposed control strategy can increase the system efficiency by 0.54% at rated
speed and improve the efficiency of PMSM drive system by 8.38% at rated torque.

To verify the efficiency optimization performance of the proposed system efficiency improvement
respect to conventional MTPA control, this paper also designs a SiC-MOSFETs-based power converter
which is shown in Figure 12.

The SiC-MOSFETs based power converter utilizes SiC-MOSFET modules (CAS300M12BM?2) as
the power devices which can obtain lower switching losses than Si-IGBT. The fitted coefficients of
CAS300M12BM2 are shown in Table 7.
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Figure 12. SiC-MOSFETs-based inverter for a PMSM drive system.

Table 7. Fitting coefficients of the SiC-MOSFET modules.

Parameter Value
Fitted coefficient of conduction characteristics a. 4505 x 107
Fitted coefficient of conduction characteristics b, 0.005021
Fitted coefficient of conduction characteristics ¢, 0.04258
Fitted coefficient of conduction characteristics ay —33x10°°
Fitted coefficient of conduction characteristics bf 0.004911
Fitted coefficient of conduction characteristics ¢ 0.5673
Fitted coefficient of switch characteristics a,;, 4141 x 10712
Fitted coefficient of switch characteristics by, 1.418 x 10~8
Fitted coefficient of switch characteristics ¢,y 1.361 x 10
Fitted coefficient of switch characteristics aqg 3.48 x 101
Fitted coefficient of switch characteristics boﬁc 8.972 x 10~°
Fitted coefficient of switch characteristics Coff 1.083 x 10~10

21 of 27

The experimental results of the PMSM system drivne by the SiC-MOSFETs based power converter
are shown in Tables 8-11. Tables 8 and 9 show the performance of the PMSM drive system under the
traditional MTPA control. Table 8 shows the experimental results of the PMSM drive system at rated

torque, and Table 9 shows the performance of the PMSM drive system at rated speed.
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Table 8. Experimental results of the SiC-MOSFETs-based PMSM drive system at rated torque in the

MTPA control.
Motor Speed System Input Power ~ Motor Input Power Mechanical Power Inverter Motor System
(r/min) (kW) (kW) (kW) Efficiency Efficiency Efficiency
300 23.14 22.83 21 98.67 91.98 90.76
250 19.56 19.08 17.5 97.54 91.72 89.46
200 16.04 15.38 14 95.90 91.05 87.32
150 12.56 11.72 10.5 93.29 89.62 83.61
100 9.17 8.10 7 88.37 86.41 76.36
50 5.87 4.53 35 77.20 77.26 59.64

Table 9. Experimental results of the SiIC-MOSFETs-based PMSM drive system in the rated speed by the

MTPA control.
Motor Torque  System Input Power Motor Input Power Mechanical Power Inverter Motor System

(Nm) (kW) (kW) (kW) Efficiency Efficiency Efficiency
668 23.14 22.83 21 98.67 91.98 90.76
600 20.74 20.47 18.85 98.69 92.09 90.88
500 17.31 17.06 15.71 98.56 92.08 90.75
400 13.95 13.70 12.57 98.24 91.74 90.13
300 10.66 10.38 9.42 97.38 90.75 88.37
200 7.45 7.12 6.28 95.53 88.22 84.28
100 4.33 3.90 3.14 89.98 80.41 72.35

Table 10. Experimental results of the SiC-MOSFETs-based PMSM drive system at rated torque in the
system efficiency improvement control.

Motor Speed System Input Power ~ Motor Input Power Mechanical Power Inverter Motor System
(r/min) (kW) (kW) (kW) Efficiency Efficiency Efficiency
300 23.115 22.80 21 98.64 92.10 90.85
250 19.523 19.064 17.5 97.65 91.80 89.64
200 15.969 15.366 14 96.22 91.11 87.67
150 12.44 11.709 10.5 94.12 89.67 84.41
100 8.98 8.094 7 90.13 86.48 77.95
50 5.579 4.527 35 81.14 77.31 62.74

Table 11. Experimental results of the SIC-MOSFETs-based PMSM drive system in the rated speed by
the system efficiency improvement control.

Motor Torque  System Input Power Motor Input Power Mechanical Power Inverter Motor System
(Nm) (kW) (kW) (kW) Efficiency Efficiency Efficiency
668 23.115 22.80 21 98.64 92.10 90.85
600 20.716 20.44 18.85 98.67 92.22 90.99
500 17.283 17.02 15.71 98.49 92.30 90.90
400 13.917 13.66 12.57 98.15 92.02 90.32
300 10.616 10.33 9.42 97.31 91.19 88.73
200 7.406 7.06 6.28 95.33 88.95 84.80
100 4.285 3.84 3.14 89.61 81.77 73.28

Tables 10 and 11 show the experimental results of the SiC-MOSFETs-based PMSM drive system
by the proposed system efficiency improvement control strategy. The experimental results at rated
torque are shown in Table 10, and the experimental results at different torque are presented in Table 11.

From Tables 10 and 11, it can be seen that proposed system efficiency improvement control
method can improve the efficiency performance of the PMSM drive system over the whole operation
range. Figure 13 shows that, the proposed control strategy can reduce both the losses of PMSM and
losses of power converter, by which the system efficiency is obviously improved.

Figure 13 shows that the proposed system efficiency improvement control method can reduce the
losses of PMSM and increase the motor efficiency at 1.36% at rated speed. In addition, the proposed
control can also decrease the inverter losses, by which the efficiency of power converter can be raised
by 3.94% at rated torque.
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Figure 13. Efficiency of the SiC-MOSFETs-based PMSM drive system by the traditional MTPA control
and proposed system efficiency improvement control. (a) Motor efficiency at rated speed; (b) inverter
efficiency at rated torque.

Figure 14 shows the system efficiency of the SiC-MOSFETs-based PMSM drive system under the
traditional MTPA control and the proposed system efficiency improvement control strategy.
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Figure 14. System efficiency of the SiC-MOSFETs-based PMSM direct drive system by the MTPA
control and the proposed system efficiency improvement control method. (a) System efficiency at rated
speed; (b) system efficiency at rated torque.

It can be seen from Figure 14 that the proposed control strategy can achieve better system
efficiency than the conventional MTPA control for each operation condition of PMSM direct drive
system. The system efficiency is increased by 0.93% at rated speed and improved by 3.10% at rated
torque. Figure 15 shows the system efficiency difference between the Si-IGBTs-based PMSM direct
drive system and the SiC-MOSFETs-based PMSM direct drive system.

Figure 15 shows that, as a result of the use of SiC-MOSFETSs, the system efficiency of the
SiC-MOSFET-based PMSM direct drive system is higher than the Si-IGBT-based system in the both
MPTA control and proposed system efficiency improvement control. As the SIC-MOSFET power device
has lower switching losses than the Si-IGBT power device, the switching losses’ ratio of system losses
in the SiC-MOSFET-based PMSM is lower than that in the Si-IGBT-based PMSM system. Therefore, it
can be seen that, compared with conventional the SiC-MOSFET-based PMSM system, the proposed
control strategy can have better efficiency optimized performance in the conventional Si-IGBT-based
PMSM direct drive system.

The experimental results show that the proposed system efficiency improvement control strategy
aims to decrease the system losses by optimizing both motor losses and inverter losses, and improves
the system efficiency under each operational condition. The PMSM direct drive system with either



Energies 2017, 10, 2030 24 of 27

Si-IGBT or SiC-MOSFET can achieve lower energy consumption by using the proposed control method
over the whole operation range of EVs.
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Figure 15. System efficiency of the Si-IGBT-based PMSM drive system and SiC-MOSFET-based PMSM
drive system by MTPA control and the proposed control. (a) System efficiency of the PMSM drive
system by MTPA control; (b) System efficiency of the PMSM drive system by the proposed control;
(c) System efficiency difference between the traditional MTPA control and the proposed control method
in the Si-IGBT-based system and SiC-MOSFET-based system.

6. Conclusions

This paper designs a novel efficiency optimization control named system efficiency improvement
control strategy for the PMSM direct drive systems which aims to increase the system efficiency by
optimizing the motor losses and inverter losses together. As the traditional linear loss model can
only accurately determine the inverter loss at rated operation conditions, a nonlinear inverter loss
model which applies polynomials to fit the nonlinear characteristics of the power device is built in
this paper. The proposed nonlinear model can obtain a more accurate loss of power converter is
obtained over the whole operation condition of PMSM drive system. As the PMSM is fed by the
switching-mode inverter, the PWM output voltage of inverter will cause the harmonic current in the
PMSM, which will lead harmonic motor loss and affect the system stability. To obtain a more accurate
harmonic motor loss, this paper uses the double Fourier integral analysis to analytically calculate
the fundamental component and harmonics of inverter output voltage, by which the fundamental
motor losses and harmonic motor loss can be accurately analyzed. From the inverter loss model and
motor loss model, this paper presents a whole-frequency-domain system loss model which consider
both fundamental loss and harmonic loss. Based on the whole-frequency-domain system loss model,
this paper applies the system efficiency improvement control strategy to optimize the motor current
and PWM frequency together. The PMSM direct drive system can achieve higher efficiency without
serious influence on the system stability under each operational condition of EVs. Compared with the
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traditional MTPA control strategy, the proposed control method can improve the system efficiency by
3.1% in the SiC-MOSFET-based PMSM direct drive system and by 8.38% in the Si-IGBT-based PMSM
drive system.

Both theoretical analysis and experimental results prove that, with the consideration of the
coupling relationship between the power converter and PMSM, the proposed efficiency optimization
control strategy can synthetically optimize the fundamental motor loss, harmonic motor loss and
inverter loss. Without serious influence on the system stability, the system efficiency improvement
control strategy can minimize the system losses. By decreasing the energy consumption of the
PMSM system, the proposed optimization control method will significantly increase the endurance
mileage in one charge and improve the performance of EVs. This paper provides a more accurate
whole-frequency-domain system loss model, and as the control strategy is based on the system
loss model, the optimized performance is limited by the motor parameters and inverter parameters.
The experimental results show that although the SIC-MOSFET-based PMSM direct drive system has
higher system efficiency than the Si-IGBT-based PMSM drive system, the Si-IGBT-based system has
better optimized performance in the proposed optimization control method than the SiC-MOSFET-
based system. Therefore, from point of view about reducing the energy consumption, the Si-IGBT-
based system is more suitable for the urban complex traffic situation. Otherwise, the SiC-MOSFET-
based system is more suitable for high speed road conditions and industrial application. Future
research will attempt to find a establish a optimization design method which can optimize the
motor parameters, inverter parameter and control method from a systems perspective. According
to the operation condition characteristics, the system parameters and control method should be
more specifically designed. After the system optimization of the parameter and control method, the
performance of the power system in EVs will be great improved and the EVs will have a wider scope
of application in modern society.
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