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Abstract: The nonlinear electromagnetic vibration of the motor is a major factor that deteriorates the
noise, vibration, and hardness (NVH) performance of a vehicle’s electric drive system. Considering
the nonlinear characteristics of the inverter, the nonsinusoidal distribution of the air-gap magnetic
field, the cogging torque, and the current measurement error, a mathematical model of a permanent
magnet synchronous motor of an electric vehicle was established, and its dynamic and electromag-
netic vibration characteristics under different speed-load conditions were simulated and analyzed.
The results show that the nonlinear characteristics of the inverter and nonsinusoidal distribution of
the air-gap magnetic field cause the odd current harmonics, such as the 5th, 7th, 11th, and 13th, which
lead to the 6th and its integer multiple order fluctuations of the electromagnetic torque. Moreover,
the vibration amplitude is intensified under the coupling action of the nonlinear characteristics of the
inverter and the nonsinusoidal distribution of the air-gap magnetic field. The current measurement
error produces the 1st and 2nd harmonics of the d- and g-axes currents, which result in the 1st
and 2nd order fluctuations of the electromagnetic torque. The cogging torque mainly leads to a
12th order torque ripple of the electromagnetic torque. In addition, the non-ideal factors cause a
sharp deterioration in the system vibration state under high-speed and heavy-load conditions. This
study provides a theoretical reference for the mathematical modeling and electromagnetic vibration
research of permanent magnet synchronous motors, considering non-ideal factors comprehensively.

Keywords: electric vehicle; non-ideal factors; permanent magnet synchronous motor; vibration
characteristics

1. Introduction

In recent years, permanent magnet synchronous motors (PMSMs) have been widely
used in electric vehicle drive systems owing to their high rotational inertia ratio, high
power density, high reliability, and wide speed regulation range [1,2]. However, non-ideal
factors, such as the nonlinear characteristics of the inverter, the nonsinusoidal distribution
of the air-gap magnetic field, and the current measurement errors, lead to the generation
of multi-order harmonic components in the electromagnetic torque of PMSMs, which
aggravate the torque fluctuation. In particular, for electric vehicle drive motors under
high speed, variable load, wide frequency speed regulation, and other complex operating
conditions, the nonlinear vibration characteristics of PMSMs are more complex and directly
affect the noise, vibration, and hardness performance of the electric drive system and the
ride comfort of the entire vehicle.

Scholars have conducted extensive research on the electromagnetic torque vibration
of PMSMs. Fluctuations in electromagnetic torque are caused by a variety of factors,
such as the spatial harmonics of the magnetic field, the time harmonics of the armature
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currents, and the cogging torque. The time harmonics of the armature currents are often
caused by non-ideal factors in the electrical control system, which can be suppressed
by control strategies [3,4]. Nonlinear factors, such as the switching characteristics and
dead-time effects of the inverter, cause harmonics in the output voltage of the inverter,
resulting in fluctuations in the electromagnetic torque [5,6]. Hu [7] established a harmonic
mathematical model of a PMSM for electric vehicles considering the dead-time and voltage
decay effects of the inverter. The effect of current harmonics on the performance of the
electric drive systems in electric vehicles has been studied. Chong [8] investigated the
effect of the inverter voltage drop on the output voltage. The results showed that the three-
phase voltage was distorted by the inverter voltage drop, resulting in drastic low-frequency
torque fluctuations during low-speed operation of the PMSM. Zhang [9] proposed an offline
neural network considering the parasitic capacitance to identify the nonlinearity of the
inverter. The resistance and inductance identification accuracy in the low-speed region was
improved, and the effectiveness of the proposed method was verified through experiments.
The PMSM of an electric vehicle usually adopts vector control, but space vector pulse
width modulation (SVPWM) causes low-frequency current harmonics and applying high
voltage to obtain high torque also increases torque fluctuations [10]. In addition, for
current-controlled PMSM drive systems, accurate current measurement is critical [11].
Song [12] derived mathematical equations for the current measurement error and analyzed
the dynamic characteristics of the motor current and torque through simulations and
experiments. Heo [13] investigated the effect of the current measurement error on the
output voltage of the current controller and proposed a current compensation method.
Lee [14] proposed an online current measurement offset error compensator for vector-
controlled surface PMSM drive systems. The results showed that the compensation method
is robust.

In addition to the torque ripple caused by the control system, the non-ideal body
structure of a PMSM also causes torque ripple. This non-ideal body structure includes
the nonsinusoidal air-gap magnetic field and the slotted stator-induced cogging torque,
which are usually suppressed by optimizing the body structure [15-18]. Gao [19] proposed
a dynamic control method based on a harmonic torque counteract to reduce the cogging
torque of permanent magnet (PM) machines by studying the generation mechanism and
period characteristics of the cogging and harmonic torques. Lee [20] presented an optimal
model that reduced the cogging torque through a characteristic analysis of the magnet width
and slot opening and used the finite element method for accurate cogging torque analysis.
Wau [21] proposed a new electromagnetic torque analytical model for an interior PMSM
considering the ripple characteristics, including the PM torque ripple and reluctance torque
ripple; however, the model was run under an open loop without considering the control
system. Nakao [22] derived an electromagnetic torque pulsation equation considering
current harmonics and flux linkage harmonics and proposed a torque pulsation suppression
method with minimum harmonic current injection. Petrovic [23] parameterized the flux
expression and established a mathematical model of a PMSM suitable for torque ripple
analysis but only considered the 6th and 12th flux harmonics of the d- and g-axes. Chen and
Hu [24,25] proposed a PMSM model considering magnetic saturation and space harmonics
based on the extraction of the inverse solution of the flux linkage through finite element
analysis and studied the current and torque harmonic characteristics under an open loop.
Fasil [26] modified the classical linear model of a PMSM by adding d- and g-axes harmonic
inductances. Chen [27] proposed a general nonlinear mathematical model of a PMSM
considering saturation and magnetic field space harmonics and time harmonics based
on the classical Parker transform theory and Fourier series analysis of the magnetic field.
Yang [28] derived mathematical equations for the cogging torque, flux linkage harmonics,
current measurement error, and dead-time effect. Based on this, a disturbance model of the
PMSM control system was established, and a control method to suppress the disturbance
was proposed. Song [29] proposed an adaptive torque ripple suppression algorithm for a



Machines 2022, 10, 739

3 0f 30

PMSM considering the influence of the transmission system. However, the motor model
was simplified, and only the 6th and 12th harmonic currents were considered.

The PMSM model is the basis for studying the dynamic characteristics of the motor
and control systems. Most of the existing studies make ideal simplifications of complex
motor models and only consider the influence of single factors on torque fluctuation, such
as the magnetic field harmonics and inverter dead-time effect. Although some studies
have considered two or more factors, the modeling cannot take into account multiple
factors simultaneously. Consequently, the models have low accuracies and cannot truly
reflect the nonlinear characteristics. The PMSM of an electric vehicle is a complex system
that integrates mechanical, electrical, and magnetic fields, as well as other multi-physical
processes. Few studies have established a model of the PMSM and control system of
electric vehicles and analyzed its dynamic and electromagnetic vibration characteristics by
considering the nonlinear characteristics of the inverter, the nonsinusoidal distribution of
the air-gap magnetic field, the current measurement error, and other non-ideal factors. For
the PMSM and its control system for an electric vehicle, what is the effect of single non-ideal
factors and comprehensive non-ideal factors on the current harmonic characteristics and
electromagnetic torque characteristics, and how does the influence law of electromagnetic
torque characteristics perform under different working conditions?

In view of this, this study takes the electric vehicle drive system, as shown in Figure 1,
as the research object and establishes a model of the PMSM based on vector control by
considering the nonlinear characteristics of the inverter, the nonsinusoidal distribution
of the air-gap magnetic field, the current measurement error, and the cogging torque.
Subsequently, the dynamic characteristics of the current, flux linkage, and electromagnetic
torque of the PMSM under different operating conditions, such as different speeds and
loads, are investigated. Finally, the influence laws of the nonlinear characteristics of the
inverter, the nonsinusoidal distribution of the air-gap magnetic field, the cogging torque,
and the current measurement error on the vibration characteristics of the PMSM are
compared and analyzed.

.

Inverter

Gear Transmission
System

Figure 1. Schematic of the structure of an electric vehicle drive system.

2. Two-Dimensional Electromagnetic Finite Element Model

In this study, a distributed winding PMSM with 8 poles and 48 slots, as depicted in
Figure 2, was selected as the prototype. A two-dimensional electromagnetic finite element
model was constructed using the Ansys Maxwell software. Considering the symmetry of
the prototype, only 1/8 of the model was used for the simulation in order to save computing
resources. In addition, because the air gap is the location for energy conversion, the grid
in the air-gap region was refined to improve the simulation accuracy. The geometric size
parameters are given in Table 1.
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Figure 2. Schematic of the 48-slot, 8-pole PMSM prototype (1/8 of the model).

Table 1. Design parameters of the machine prototype.

Parameters Value Unit
Number of poles 8
Number of slots 48
Stator outer diameter 108 mm
Rotor outer diameter 71 mm
Stator inner diameter 71.7 mm
Rotor inner diameter 30 mm
Air-gap length 0.7 mm
Axial length 125 mm
Length of PM 22 mm
Thickness of PM 4 mm
Coercivity of PM 92,300 A/m
Recovery permeability of PM 1.06

3. Mathematical Modeling of the PMSM and Control System of Electric Vehicles
Considering Non-Ideal Factors

3.1. Mathematical Equations for the Nonlinear Characteristics of the Inverter

The nonlinear characteristics of the inverter include the inherent characteristics of the
switch devices and dead-time effect. To avoid a straight-through of the bridge arm, a delay
t; must be inserted into the drive signal, and the dead time is defined as

Ty =ta+ton —toff + tpLH — tPHL 1

where t,, is the turn-on time, tofr is the turn-off time, fpjy is the delay time of gate pulse
rise propagation, and tpyy, is the delay time of gate pulse drop propagation.

The current path of the A-phase bridge arm in the three-phase full-bridge inverter is
illustrated in Figure 3a. During the dead time, when the A-phase current is positive, the
phase current is continuous through the freewheeling diode D2, and the output voltage is
positive; when the A-phase current is negative, the phase current is continuous through the
freewheeling diode D1, and the output voltage is negative. In addition, when the switch is
turned on, a conduction voltage drop occurs in the switch. When the switch is turned off, a
conduction voltage drop occurs in the freewheeling diode, which leads to a large deviation
between the actual voltage and the ideal voltage of the inverter output.
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Figure 3. Inverter A-phase bridge arm circuit path and output voltage waveform diagram: (a) A-
phase bridge arm current path diagram; (b) switch signal and output voltage waveform of A-phase
bridge arm.

Figure 3b displays the error voltage waveform. The output voltage error is related to
the DC bus voltage, the dead-time, and the conduction voltage drop. When the A-phase
current is positive, the A-phase voltage error equation can be expressed as

AUy = Au x sgn(ia) )
where T N
Uy +u
Au = —d(lldc + Uy —ud) + S
Ts 2
s Tl(i ) . 1 ig <O
STUAIZN 21 iy >0

Here, u; is the voltage drop of the switch and 1, is the conduction voltage drop of the
freewheeling diode. Through Fourier decomposition of the error voltage in a carrier period,
the mathematical expression of the average error voltage can be obtained as follows:

4 1 1 1
AUy = %Au(coswt + —~cos3wt + =cosbwt + =cos7wt + ...) 3)

3 5 7
Under the influence of the dead time and voltage drop, the output voltage of the
inverter bridge arm is distorted, which results in odd harmonics, such as the 3rd, 5th, and
7th orders. Because the PMSM adopts a star connection, the 3rd and the multiples of the
3rd harmonic current cannot flow, and the 5th and 7th harmonics in the phase current are
produced, causing stator flux distortion and torque fluctuation.

3.2. Mathematical Equations of the Nonsinusoidal Distribution of the Air-Gap Magnetic Field

The conventional idealized modeling method for a PMSM assumes that the air-gap
magnetic field has a sinusoidal distribution. However, owing to the influence of manufac-
turing and assembly errors, a large number of spatial harmonics are generated in the air-gap
magnetic field, which distort the back electromotive force. The nonsinusoidal distribution
of the air-gap magnetic field is shown in Figure 4.
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Figure 4. Schematic of an air-gap magnetic field with a nonsinusoidal distribution.

The nonsinusoidal distribution of the magnetic field in the air gap can be decomposed
into fundamental waves and harmonics that vary with the spatial position, which is
expressed as a superposition of a series of sinusoidal waves. In the three-phase stationary
coordinate system, the flux linkage generated by the permanent magnetic field in the
A-phase winding of the stator can be described as follows:

$7a(6) = L aurcos|(2k ~ 1) + ]
= 1 cos(0 + 601) + 3 cos(36 + 03) + 5 cos(50 + 65) + ...

(4)

where ¢, is the fundamental flux linkage of the magnet, while 3, {5, etc., are the ampli-
tudes of the harmonic components of the flux linkage of the PM; 6 is the rotor electrical
angle. The flux linkage forms of the B- and C-phases of the PM magnetic field in the stator
winding are the same as that of the A-phase, and the phase difference is 120°.

Through the Park and Clark transformation of the flux linkage generated by the
magnetic field of the PM in the three-phase winding, the d- and g-axes flux expressions in
the d—q coordinate system can be obtained as follows:

$a = Laig + k;{lh + [lp(ék—l) + lp(6k+l)} cos(6k6 + 9d6k)}

Yo = Lyig + T { [~en) + Bioeen | sin (60 + 0y ) } ®
k=1
where L; and L, are the d- and g-axes inductances, respectively; i; and i, are the d- and
g-axes currents, respectively; and g7 is the amplitude of the (6k £ 1) th PM flux linkage
harmonics. The detailed derivation of (5) is described in Appendix A.
The existence of harmonics in the flux linkage distorts the back electromotive force in
the stator winding. The back electromotive force of the stator windings in the d and g-axis
coordinate system is [27]:

—wequ'q - wekzl |:(6k — 1)¢(6k71) + (6k+ 1)¢(6k+1):| sin(6k6 + O461)
- . (6)
we(Laiq + ) +we [7(6k — 1)¢ek_1) + (6k + 1)4;(6“)} cos (6k9 + eqék)

where w, is the rotor electrical angular velocity.
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Under the influence of the air-gap magnetic field harmonics, the motor voltage balance
equation can be expressed as:

Uy :oloisid + Ld% — weLqiq

_wgk;{ {(6k = Dp(er—1) + (6k + 1)lp(6k+1)} sin(6k6 + 9d6k)}
. di .

ug = Olo{szq + Lq% + weLgig + Wetpm

twe Y { [—(6k ~ D)¢per_1) + (6k+ 1)¢(6k+1)] cos (6k0 + eqék) }

@)

where R; is the stator resistance, w, is the rotor electrical angular velocity, and ¢, is the
flux linkage of the PM.

3.3. Mathematical Equation of the Cogging Torque

The cogging torque is a periodic torque generated by the self-adjustment trend between
the motor rotor and the stator to the minimum reluctance position. The cogging torque is
also generated in the case of no current in the PMSM. Figure 5 depicts a schematic of the
cogging torque generation mechanism.

Stator

V4
O PM QO Rotor
Teogt >Teog2

Figure 5. Schematic of the cogging torque generation mechanism.

The cogging torque is caused by the tangential component of the interaction force
between the stator tooth and the rotor and is related to the rotor position. The mathematical
expression is given by the equation:

Teog = Y Tusin(nNeowet/ Py + Br) ®

n=1

where T}, is the harmonic amplitude of each order, P, is the polar logarithm, and N, is the
minimum common multiple of the number of stator slots and the number of rotor poles.

The time domain waveform of the tooth groove torque can be obtained through finite
element analysis, and each parameter in the mathematical equation can then be calculated.
A comparison of the cogging torque waveform obtained by finite element analysis and that
calculated by the mathematical equation is presented in Figure 6.

Time Domain

o

AT AR A AT
AR AR AR

Electrical Angle(rad)

Figure 6. Comparison results of the cogging torque.
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3.4. Mathematical Equations of the Current Measurement Error

The current needs to be sampled during motor control. The mathematical relationship
between the actual current and the sampling current can be expressed as

im = Kip + Z‘offseif 9

where K is the proportional coefficient of the current sensor and iy is the offset amount,
both of which are related to the resistance and offset voltage of the current sensor. In the
process of current sampling, on the one hand, the proportionality coefficient is affected
by the temperature, magnetic field, and other environmental factors. Thus, the value of
the proportionality coefficient K deviates from 1, and a scaling error is generated. On the
other hand, the DC offset error is caused by the zero drift of the power circuit components,
namely the DC offset error. A schematic of the current measurement error is illustrated in
Figure 7.

A

bm — Ideal
— — Non-ideal
K
7 <
_ K
s
7
s
y
i 7
' L
1_offset >

it
Figure 7. Schematic of the current measurement error.

When only the current scaling error is considered, the DC offset error is zero, and the
current error in the d—q axis coordinate system can be calculated as
. . 2-K,—K,
Ai¢ = Y3 (K, — Ko)Isin(Quwet + ) + 2K4Ka g .
A = Y3 (K, — Ko)Isin(2wet + ) + 2 (K, — Kp) 1

where K; and K}, are the proportionality coefficients for measuring the A- and B-phase
currents, respectively, while I is the amplitude of the phase current.

When only the current offset error is considered, K; and K, are 1. In the d—g axis
coordinate system, the current error is given by

Aiés = % \/ia_offset2 + ia_offsetib_offset + Z'b_offsetZSin(wet + 0‘)

8, = 5\ o offser® + la_ofetls_ofser + i _offerc0s(wet + ) (11)
o= f[l}’lil( \/glniujfsc’t )

Dig offset+2ip_of fset

where i, ot and i,_oges are the current offset errors of the A- and B-phases. In the d—
axis rotating coordinate system, the offset and scaling errors generate a harmonic current
with frequencies of w, and 2w,, respectively, and cause torque fluctuation. The detailed
derivation of (10) and (11) is described in Appendix B.
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3.5. Mathematical Model of the PMSM Considering Non-Ideal Factors

In the process of simplifying the PMSM model, coordinate transformation needs to be
performed to convert the electromagnetic parameters, such as the voltage, current, and flux
linkage in different coordinate systems. In the synchronous rotating coordinate system, the
d—q axis mathematical model of the PMSM can be expressed as

. od
Ud:de—i—%—we(pq (12)
_pi 4 999
Uy = Rig + 27" + Wepq
¢q = Lqig

where i; and iq are the currents of the stator in the d- and g-axes, respectively; U; and qu
are the stator voltages in the d- and g-axes, respectively; L; and L, are the inductances in
the d- and g-axes, respectively; R is the resistance of the stator winding; w, is the electric
angular velocity of the rotor; and ¢y is the flux linkage of the PM.

The electromagnetic torque equation of the PMSM can be expressed as

3. T.
T = > Paiy [ia(La — Ly) + 9] (14)
where ¢y is the PM flux linkage, and Py, is the pole pair number.

The mechanical equation of motion is given by Equation (15).

d%m — %(Te ~Ty) - ?wm (15)
where wy, is the mechanical angular speed, | is the rotational inertia, T} is the load torque,
and B is the viscous friction coefficient.

Non-ideal factors cause a large number of harmonic components in the voltage, cur-
rent, magnetic field, and back electromotive force, which make the air-gap magnetic field
produce a series of time harmonics and spatial harmonics. In the d—q axis coordinate
system, the current measurement error is set as iy, and iy, (m =1, 2). The amplitudes of
the 6kth harmonic current, caused by the nonlinearity of the inverter and the nonsinusoidal
distribution of the air-gap magnetic field, are iygr and izg. Then, the d- and g-axes currents
can be calculated as

ign = 140 + id1sin(9 + Gdl) + ipsin (29 + de) + ¥ idéksin(69 + 9d6k)
e (16)

iqh = qu + iqlsin(e + qu) + iqzsii’l(ze + qu) + ) iqékCOS(69 + edék)
k=1

where i;9 and i, are the DC components of the d- and g-axes currents, respectively. The
mathematical expression of the electromagnetic torque can be obtained by substituting
Equations (5) and (16) into Equation (14), as follows:
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(o)

Te = 3 Pu(Pmign — kgl{ [1P<6k71) + ¢(ek+1)] cos(6k6 + 661 ) }idh
4
- z { [~ W6k—1) + $ieksn) |5 (k0 + Og6k ) bigh + (La = Lo)ianiqn) + L Tusin(120 -+ )

3 . . . . 38 . . . = . .
= Eprﬂ/’m <zq0 +ig15in0 + igpsin26 + kg:l 1q6kCOS69> — EPn 2 P aexC0SOKO <1do + i415in0 + igpsin26 + Z zd6ksm69)

k=1 k=1
 a Te,0,1,2,6n . \ Te,57,8,6n (17)
+EP,,k; W6k Sin6ko <iq0 +ig18in6 + igpsin26 + k:Zi iqékCOS69> + ’; Tusin(120 + By)
Te4,5,7,8,6n Te,12,24,36,48
+%Pn (Lg— Lg) (ido +igy5in8 +igpsin26 + ko_il id6ksin69> <iq0 +ig15in0 +igpsin26 + ko_il iq6kcos69>

Te,1,2,4,5,7,8,6n

It can be seen from (17) that there are multiple orders of torque ripple, such as 4th,
5th, and 7th, in the electromagnetic torque. The PM torque of the PMSM contains both a
constant component and a ripple component. Moreover, what should be addressed is that
the d and g-axis current harmonics will introduce the PM torque ripple by interacting with
the PM flux harmonics, and the interaction of the d and g-axis current harmonics will also
introduce the reluctance torque ripple, which is quite different from the traditional d and
g-axis model.

4. Simulation Analysis of the Dynamic Characteristics of the PMSM for Electric
Vehicles under Different Speed-Load Conditions

Based on the mathematical model of the PMSM considering non-ideal factors, a
dynamic model of the PMSM and its control system was established in the Simulink /Matlab
platform to simulate the dynamic operation process of the PMSM. The schematic of the
PMSM and its control system model considering non-ideal factors is displayed in Figure 8.

Voltageequation
R, (k)+w, (k) Li, (k)—u, (k)+
w, (k);[w sm(Gk(:’(k] +6,44 |
iy (K

Inverter S g

nonlinearif
. _" Inverter ‘ #
>

tor —m  Turn-on [—» | 40 €Y &

k+1 _‘1[—‘

ty —pf delay [T g . )-w.Li, (K)-w. ()¢, ~u, (k)
P—— ::\ (i ‘,‘(k 9)=[; { k);[u/ cos(6k(K)+6,,)

1

i)y ¥ itk+D)

Electromagretic torqueexpression

3 . - .
T = 3P0y~ L[V * i Joos(6k0 0,0 )i

Control
‘ System

‘ Current

measurement error " +Z{[ Yo * Vi ,,Jsuz(é‘rkﬁ*—ﬂ )} +(Ly-L iy d,)
=

/ +Z T,sin(120+p,)

Nonsinusoidal
Tv_ofiet distribution of theair-
gap magnetic field
and cogging torque

. T
B Position
1/s -
n . measurement .

Encoder
Figure 8. Schematic of PMSM and its control system model considering non-ideal factors.

In this section, the influence law of single factors, such as the inverter nonlinear
characteristics, the nonsinusoidal distribution of the air-gap magnetic field, the cogging
torque, and the current measurement error, as well as the combined effect of the non-ideal
factors on the dynamic characteristics of the PMSM current, flux linkage, and torque were
compared and analyzed. The main parameters of the motor are listed in Table 2.
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Table 2. Main parameters of the PMSM.

Parameters Value Unit
Rated power 80 kW
Rated torque 153 Nm
Rated speed 4800 rpm

Rotary inertia 0.04 Jm/ Kg-m2
Polar logarithm 4 -
Stator resistance 0.01 QO

Flux of PM 0.0589 Wb

Inductance of axis D 1.0146 x 10~4 H
Inductance of axis Q 2.968 x 1074 H

4.1. Influence of SVPWM on the PMSM

The ideal motor model considers only the voltage error caused by SVPWM. The
SVPWM is based on the average equivalent principle, and the given voltage vector is
linearly synthesized by the basic voltage vector in the modulation period. Six nonzero
voltage vectors divide the circular plane into six sectors, as shown in Figure 9a. Piecewise
approximation of the voltage vector produces current harmonics and torque ripples. The
principle of the SVPWM trigger pulse is depicted in Figure 9b.

U2(010) Us(110)

(a) (b)

Figure 9. Schematic of the principle of SVPWM: (a) schematic of SVPWM sectors; (b) schematic of
pulse generation.

The Fourier series expansion of the line voltage output by the inverter can be expressed as

F(t) = % + Y. (Agg coskw,t + By sinkwct)+
k=1 18
) 0  Foo ( )
Y. (Appcosnwet + Bygsinwet) + Y, Y [Agn cos(kwpt + nwet) + By, sin(kw,t + nwt))
n=1 n=1k==1
where w;, is the modulated wave frequency, and w, is the carrier frequency.
To reflect the degree of waveform distortion, a harmonic distortion rate is introduced:

) I, 2
THD = Z(h) (19)

n=2

where I, and I; are the amplitudes of the harmonics and the fundamental current, respectively.

From Equation (16), it can be observed that the fundamental frequency, as well as
the switching frequency and its integer multiples of harmonics and surrounding side
band harmonics, exists in the output voltage. The harmonic amplitude is related to the
modulation ratio N and the carrier ratio «. Figure 10a,b shows the time domain and the
frequency domain result of the inverter output voltage under the rated conditions (speed
of 4800 rpm and load of 153 Nm) and the fundamental frequency fe of 320 Hz. In the low-
frequency region, the output voltage contains the fundamental frequency and its integer
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harmonics. In the high-frequency region, the output voltage is composed of the switching
frequency (10 kHz) and the integer harmonics. An edge band exists around the switching
frequency, modulated by the fundamental frequency. Figure 10c displays the frequency
domain of the electromagnetic torque; there are also fluctuating orders of electromagnetic
torque near the low frequency and switching frequency.
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Figure 10. Voltage harmonic characteristics and electromagnetic torque characteristics caused by
SVPWM: (a) time domain of output line voltage; (b) frequency domain of output line voltage;
(¢) frequency domain of electromagnetic torque.

4.2. Consideration of the Nonlinear Characteristics of the Inverter
4.2.1. Constant Speed, Constant Load Condition

The nonlinear characteristics of the inverter cause a large number of harmonic com-
ponents in the phase current, which result in the distortion of the stator flux linkage and
the existence of the time harmonic magnetic field in the motor air gap. The amplitudes
of the current harmonic are related to dead time, voltage drop, carrier frequency, and the
magnitude of the DC side voltage. In this study, by setting the dead time and voltage drop
of the inverter, the influences of the nonlinear characteristics of the inverter on the dynamic
characteristics of the motor current and electromagnetic torque were analyzed. The inverter
parameters are listed in Table 3.

The time and frequency domain diagrams of the A-phase current are displayed in
Figure 11a,b, respectively. After considering the nonlinear characteristics of the inverter,
the phase-current waveform of the motor is obviously distorted, and the fundamental
frequency f, of the phase current is 160 Hz. There are noticeable 5th and 7th odd harmonic
components in the frequency domain of the phase current, and the amplitude of the
high-order harmonic current is small. From the electromagnetic torque Equation (15), it
can be seen that the existence of the harmonic components of the phase current causes
fluctuations in the electromagnetic torque. Figure 11c,d show the time and frequency
domain diagrams of the electromagnetic torque, respectively. The electromagnetic torque
fluctuates significantly, and there are 6nth order fluctuation components in the frequency
domain diagram, which verifies the theoretical analysis of the nonlinear characteristics
of the inverter. Therefore, the nonlinear characteristics of the inverter cause the motor to
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produce 6k — 1and 6k+1(k=1,2,3... ) order harmonic currents and 6nth (n=1,2,3...)

order torque fluctuations.

Table 3. Parameters of the inverter.

Parameters Value Unit
Battery DC voltage 600 \%
Modulation carrier period Tpywum 100 us
Modulation carrier frequency fpwum 10 kHz
IGBT turn-on time t,;, 1 us
IGBT turn-off time £, 2 us
Dead time t,4 4 us
Voltage drop of IGBT switch u; 3 \%
Conduction voltage drop of freewheeling diode 1 2 \Y%
Delay time of gate pulse rise propagation tpryg 0.5 us
Delay time of gate pulse drop propagation tpgy, 0.53 us

The time and frequency domain simulation results of the motor current and electro-
magnetic torque at 2400 rpm speed and 20 N-m load considering the nonlinear characteris-

tics of the inverter are shown in Figure 11.
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Figure 11. Comparison results of current and electromagnetic torque: (a) time domain of A-phase
current; (b) frequency domain of A-phase current; (c) time domain of electromagnetic torque;
(d) frequency domain of electromagnetic torque.

4.2.2. Different Speeds, Constant Load Condition

The waterfall diagram of the frequency domain characteristics varying with the ro-
tational speed under a speed step of 100 rpm and constant load of 153 N-m is depicted
in Figure 12a. Figure 12b illustrates the frequency domain comparison results of the
electromagnetic torque under the four operating conditions.



Machines 2022, 10, 739

14 of 30

1] n 3 - ——Ideal
Wu=300rpm B Wi=1500rpm

Frequency Domain

6th __ Consider Inverter

2 Nonlinearity

6th 12th

0-3 12th

18th

o

£

1500

Te= ..+ 5Pu(Ls — Ly)

Frequency (Hz)

Amplitude
Amplitude

1 1 18th
12f. 18f l
4 o

™

/
i 200 400
Frequency (Hz)

600 1000 2000 3000
Frequency (Hz)

Wu=4400rpm

0

D
6th
! 12th 18th

NN N L L L x.
0 2000 4000 6000
Frequency (Hz)

(b)

Figure 12. Frequency domain results of electromagnetic torque under different rotational speeds:
(a) waterfall diagram of electromagnetic torque; (b) comparison results of electromagnetic torque.
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In the low-speed region, the amplitude of the torque ripple is small, indicating that
the motor control system can effectively regulate the low-frequency torque ripple. The
amplitude of the torque ripple is large in the middle- and high-speed regions; the 6th order
torque ripple component is dominant, and the contributions of the 12th and 18th order
torque ripple components are small. With an increase in speed, the amplitude of the 12th
order torque fluctuation first increases and then decreases owing to the interaction between
the voltage error caused by SVPWM and the harmonic current caused by the nonlinear
characteristics of the inverter.

4.2.3. Different Loads, Constant Speed Condition

The frequency domain of the electromagnetic torque under different loads with a load
step of 5 N-m and a constant speed of 4800 rpm is displayed in Figure 13a. Figure 13b
shows a comparison of the frequency domain results of the electromagnetic torque. With
an increase in load, the current amplitude increases, and the distorted flux linkage interacts
with the current. The amplitude of each order of torque fluctuation increases and the 6th
order fluctuation frequency is the dominant frequency. The last part of expression (17) can
explain the amplitude of the torque fluctuation rises with an increase in load.
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Figure 13. Frequency domain results of electromagnetic torque under different loads: (a) waterfall
diagram of electromagnetic torque; (b) comparison results of electromagnetic torque.
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Although the current harmonic amplitude caused by the inverter nonlinearity is
almost unaffected by the load, the DC component of the d and g-axis increases with an
increase in load. It can be concluded from the formula that the interaction between the
increases of the DC component and the current harmonic component causes the fluctuation
of the reluctance torque to increase.

4.3. Consideration of the Nonsinusoidal Distribution of the Air-Gap Magnetic Field
4.3.1. Constant Speed, Constant Load Condition

The nonsinusoidal distribution of the air-gap magnetic field leads to the distortion
of the rotor flux and the back electromotive force, which generates the space harmonic
magnetic field in the air gap and the harmonic current in the winding. The harmonic
content of each order of the PM flux linkage and its ratio to the fundamental wave are
listed in Table 4. Because the effect of the higher-order flux harmonics is smaller, this study
analyzes the influence law of the nonsinusoidal distribution of the air-gap magnetic field
on the motor by introducing the 5th, 7th, and other flux harmonics.

Table 4. Harmonics of each order of flux linkage and their ratio to the fundamental wave.

Order Magnitude [Wb] Percent
5 54 x 1075 0.092%
7 7.48 x 1075 0.127%
11 1.113 x 10~* 0.189%
13 8.304 x 10°¢ 0.014%
17 46 %1077 0.0008%
19 1.96 x 107° 0.003%

After considering the nonsinusoidal distribution of the air-gap magnetic field, the time
and frequency domains of the motor current and electromagnetic torque under 4800 rpm
and 153 N-m were determined, as depicted in Figure 14.

Time D omain " Frequency Domain
5 10
""" Ideal— Consider flux linkage harmonics ' ‘ - Ideal— Consider flux linkage harmonics|
11f, 3 52 . X: 5140
_ s T e xEe T\ e
< E &Y:,l.ll 13fexc
£ = 1. 120,
& 2 10 :
5 g i
0] <
10-2 H
500 107 i
027 0.275 0.28 0.285 0.29 0 1000 2000 3000 4000 5000 6000
Time(s) Frequency(Hz)
(@) (b)
Time Domain Frequency Domain
5 T T T T T T T T T
‘ """ Ideal— Consider flux linkage harmonics ‘ """ Ideal— Consider flux linkage harmonics|
400Pw
1.57
= %}
Zs E
=1 =
1 6
O 48 - | ) f 12f.
S 0_.1[0.105 0.11 0115  0.12 <
. o | 05 1
) 18fe
H
i IJA Ladaeiod l d 1 |
0 0.05 0.1 0.15 02 025 0.3 0 1000 2000 3000 4000 5000 6000
Time(s) Frequency (Hz)

(©) (d)

Figure 14. Comparison results of current and electromagnetic torque: (a) time domain of A-phase
current; (b) frequency domain of A-phase current; (c) time domain of electromagnetic torque;
(d) frequency domain of electromagnetic torque.
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Figure 14a,b illustrates the time and frequency domains of the A-phase current. The
fundamental frequency f, of the phase current is 320 Hz, and the waveform of the A-phase
current is almost sinusoidal with a small distortion. There are 6k — 1 and 6k + 1 current
harmonics caused by the back electromotive force distortion in the frequency domain. The
time and frequency domains of the electromagnetic torque are displayed in Figure 14c,d,
respectively. The electromagnetic torque is affected by the spatial harmonics and back
electromotive force distortion, which causes the 6nth order fluctuation. Therefore, the
nonsinusoidal distribution of the air-gap magnetic field causes the existence of spatial
harmonics in the air-gap magnetic field of the motor and counter electromotive force
harmonics in the stator winding, which leads to the 6nth order fluctuation of the torque.

4.3.2. Different Speeds, Constant Load Condition

The waterfall diagram of the frequency domain characteristics varying with the ro-
tational speed under a speed step of 100 rpm and constant load of 153 N-m is shown in
Figure 15a. Figure 15b depicts the frequency domain comparison results of the electro-
magnetic torque under four operating conditions. In the low-speed region, the torque
fluctuation amplitude is small, which indicates that the motor control system is effective in
regulating the low-frequency torque fluctuation. The amplitude of each order of torque
fluctuation component in the mid-speed region is similar, which demonstrates that the
PI regulator (PI controller in motor closed-loop control system) effectively suppresses the
harmonic amplitude caused by the back electromotive force. Under partial speed condi-
tions, the peak frequency shifts to a high frequency because of the interaction between the
voltage harmonics generated by the SVPWM and the back electromotive force harmonics,
indicating that the harmonic currents generated by both are not linearly superimposed
when acting together. With an increase in rotational speed, the harmonic amplitude of the
back electromotive force increases, and the amplitude of each order of torque fluctuation
component generally increases. This phenomenon shows that the current harmonic sup-
pression effect of the PI regulator becomes worse, and its electromagnetic torque fluctuation
is more violent when the motor is running under high-speed conditions.
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Figure 15. Frequency domain results of electromagnetic torque under different speeds: (a) waterfall
diagram of electromagnetic torque; (b) comparison results of electromagnetic torque.

4.3.3. Different Loads, Constant Speed Condition

Figure 16 shows the frequency domain results of the electromagnetic torque under
different loads and a constant speed of 4800 rpm. As the load increases, the distorted PM
flux linkage interacts with the stator flux linkage, resulting in an increasing trend of each
order component in the electromagnetic torque, and the 12th order fluctuation component
is dominant. Therefore, the higher the external load, the greater the amplitude of the
electromagnetic torque vibration caused by the nonsinusoidal distribution of the air-gap
magnetic field.
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Figure 16. Frequency domain results of electromagnetic torque under different loads: (a) waterfall

diagram of electromagnetic torque; (b) comparison results of electromagnetic torque.

4.4. Consideration of the Cogging Torque

4.4.1. Constant Speed, Constant Load Condition

The influence of the cogging torque on the
was determined by introducing mathematical
Table 5.

accuracy of the motor and control system
equations. The parameters are listed in

Table 5. Parameters of the mathematical equation for the cogging torque.

Parameter Value (N-m) Parameter Value (rad)
T 1.89897 B1 0.0000672
T, 0.379 Bo 3.13
Ts 0.2254 B3 3.12
Ty 0.0918 Ba 3.236

After considering the cogging torque, the time and frequency domains of the motor
current and electromagnetic torque under 4800 rpm and 153 N-m load were determined, as

illustrated in Figure 17.
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Figure 17. Comparison results of current and electromagnetic torque: (a) time domain of A-phase

current; (b) frequency domain of A-phase current; (c) time domain of electromagnetic torque;

(d) frequency domain of electromagnetic torque.
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Considering the cogging torque, the harmonic amplitude of the current waveform
in the time domain is essentially the same, and only the 25th harmonic current ampli-
tude increases, indicating that the motor control system has little influence on the cog-
ging torque under the rated condition. There is a clear 12th order torque ripple in the
electromagnetic torque.

4.4.2. Different Speeds, Constant Load Condition

Figure 18 displays the frequency domain results of the electromagnetic torque under
different speeds and a constant load of 153 N-m. At low speeds, the 12th order torque
ripple amplitude is small, showing that the motor control system can effectively regulate
the cogging torque. However, with an increase in speed, especially in the high-speed region,
the amplitude of the torque ripple is large, and the control system has little influence on
the cogging torque.
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Figure 18. Frequency domain results of electromagnetic torque under different speeds: (a) waterfall
diagram of electromagnetic torque; (b) comparison results of electromagnetic torque.

Figure 19 shows the comparison results of speed and torque fluctuations at different
speeds for the ideal and after considering cogging torque.
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Figure 19. Influence of cogging torque on control performance.

After considering the cogging torque, the fluctuation amplitude of the electromagnetic
torque in the mid-speed region is relatively large, and the fluctuation amplitude of the
motor shaft speed in the low-speed region is large, which indicates that the presence of the
cogging torque affects the low-speed performance of the motor speed control system.

4.4.3. Different Loads, Constant Speed Condition

Figure 20 shows the waterfall diagram of the electromagnetic torque under different
loads and a constant speed of 4800 rpm. It can be observed that in the full load range,
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Current(A)

Torque(Nm)

the amplitude of the torque ripple is almost unchanged, and the influence of the cogging
torque is consistent under various loads.
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Figure 20. Waterfall diagram of electromagnetic torque.

4.5. Consideration of the Current Measurement Error
4.5.1. Constant Speed, Constant Load Condition

The degree of current distortion caused by the current measurement error is related to
the scale factor and offset error. The sensor proportional coefficients K, and Kj, are 1.01 and
0.98, respectively, and the offset errors i, .+ and i, o+ are 1 A and —0.6 A, respectively.
Figure 21 depicts the time domain of the d- and g-axes currents, the frequency domain of
the g-axis current, and time and frequency domains of the electromagnetic torque after the
current measurement error is introduced under the conditions of 4800 rpm motor speed

and 153 N-m load.
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Figure 21. Comparison results of current and electromagnetic torque: (a) time domain of g-axis cur-
rent; (b) frequency domain of g-axis current; (c) time domain of electromagnetic torque; (d) frequency

domain of electromagnetic torque.
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The time and frequency domains of the g-axis current are illustrated in Figure 21a,b,
respectively. The d- and g-axes currents fluctuate significantly, and 1st and 2nd order
harmonics exist in the frequency domain of the g-axis current. Figure 21c,d displays the
time and frequency domains of the electromagnetic torque, respectively. There exist 1st and
2nd order low-frequency fluctuation components in the electromagnetic torque, which are
caused by the 1st and 2nd order current harmonic components in the d- and g-axes currents.

4.5.2. Different Speeds, Constant Load Condition

Figure 22 shows the frequency domain results of the electromagnetic torque under
different speeds and a constant load of 153 N-m. With an increase in rotational speed,
the amplitude of each order of torque fluctuation component exhibits an increasing trend.
This indicates that the higher the frequency of the 1st and 2nd current harmonics in the
d- and g-axes caused by the current measurement error, the greater the disturbance to
the control performance of the motor control system, which leads to an increase in the
amplitude of torque fluctuation. Therefore, the low-frequency electromagnetic torque
vibration caused by the current measurement error should be fully considered under
high-speed operating conditions.
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Figure 22. Frequency domain results of electromagnetic torque under different speeds: (a) waterfall
diagram of electromagnetic torque; (b) comparison results of electromagnetic torque.

4.5.3. Different Loads, Constant Speed Condition

Figure 23a,b depicts the waterfall diagram of the electromagnetic torque and frequency
domain comparison results under different loads and a constant speed of 4800 rpm. With
an increase in load, the amplitude of the 2nd order torque fluctuation in the electromagnetic
torque increases significantly, while the amplitude of the 1st order torque fluctuation
remains unchanged owing to the increase in the 3-phase current amplitude, which causes
an increase in the current measurement scaling error and the 2nd order torque fluctuation.
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Figure 23. Frequency domain results of electromagnetic torque under different loads: (a) waterfall
diagram of electromagnetic torque; (b) comparison results of electromagnetic torque.
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4.6. Consideration of the Nonlinear Characteristics of the Inverter, Nonsinusoidal Distribution of
the Air-Gap Magnetic Field, and Current Measurement Error

In the actual operation of PMSMs, the nonlinear characteristics of the inverter, the
nonsinusoidal distribution of the air-gap magnetic field, and the current measurement
errors exist simultaneously; therefore, the non-ideal factors need to be considered compre-
hensively to analyze their effects on the nonlinear dynamic characteristics of the motor.

4.6.1. Constant Speed, Constant Load Condition

The time and frequency domain comparison results of the A-phase current and elec-
tromagnetic torque under 4800 rpm speed and 153 N-m load are displayed in Figure 24.
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Figure 24. Comparison results of current and electromagnetic torque: (a) time domain of A-phase
current; (b) frequency domain of A-phase current; (c) time domain of electromagnetic torque;

(d) frequency domain of electromagnetic torque.

The time and frequency domains of the A-phase current are shown in Figure 24a,b,
respectively. The fundamental frequency f. of the phase current is 320 Hz, and 2nd, 3rd, 6k
— 1th, and 6k + 1th harmonics exist in the A-phase current. The 2nd and 3rd harmonics are
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caused by current measurement errors, whereas the 3rd harmonic is due to the disturbance
of the current loop in the control system owing to the current measurement error, which
leads to the three-phase current asymmetry of the stator winding of the motor. Therefore, it
still exists in PMSMs with Y-type coupling. The 6k — 1th and 6k + 1th harmonics are caused
by the combination of the nonlinear characteristics of the inverter and the nonsinusoidal
distribution of the air-gap magnetic field. Figure 24c,d depicts the time and frequency
domains of the electromagnetic torque, respectively. There exist 1st, 2nd, and 6nth order
fluctuations of the electromagnetic torque, among which, the 1st and 2nd order torque
fluctuations are due to current measurement errors; the 6nth order torque fluctuations
are jointly caused by the nonlinear characteristics of the inverter and the nonsinusoidal
distribution of the air-gap magnetic field, and the 12nth order torque fluctuations are
caused by the cogging torque. Additionally, there are obvious 4th, 5th, and 8th order torque
ripples, which verify the electromagnetic torque analytical expression (17). In addition, in
the frequency domain of the electromagnetic torque, there exist sidebands with the 1st, 2nd,
and 6nth orders as the carrier frequency and rotation frequency or frequency multiplication
of the motor as the modulation frequency, which further aggravate the vibration amplitude,
and the rotational frequency f;, of the motor is 80 Hz. In the frequency domain of the phase
current, corresponding frequency information exists, showing that the electrical system is
affected by electromagnetic vibration, which increases the harmonic distortion rate. The
detailed data comparison of the current harmonics and fluctuation amplitude of the motor
torque and the speed before and after considering the non-ideal factors are shown in Table 6.
The simulation results show that the amplitude of the current harmonics and the fluctuation
of speed and torque obviously increase after considering the non-ideal factors.

Table 6. Data comparison before and after considering the non-ideal factors.

Parameters Before Considering the After Considering the
Non-Ideal Factors Non-Ideal Factors

2nd harmonic current amplitude(A) 0.36 1.06
3rd harmonic current amplitude(A) 0.08 1.22
5th harmonic current amplitude(A) 0.27 5.55
7th harmonic current amplitude(A) 0.23 4.28
11th harmonic current amplitude(A) 0.19 1.77
13th harmonic current amplitude(A) 0.20 0.98
17th harmonic current amplitude(A) 0.11 0.2
19th harmonic current amplitude(A) 0.12 0.08

Current distortion rate 3.99% 4.59%

Overall fluctuation amplitude 278 10.37

of motor torque(N-m)

Fluctuation amplitude of 012 0.37

motor shaft speed (rpm)

A comparison of the results for the flux linkage trajectory is shown in Figure 25. There
is an obvious pulsation in the trajectory of the non-ideal flux linkage, which indicates
that the current vector fluctuation causes the flux linkage trajectory pulsation, leading to
torque fluctuation.

Figure 26a displays the color map of the electromagnetic torque. The 1st, 2nd, and
6nth orders of the starting point are the unilateral scattering of the zero point caused by
the non-ideal factors of the motor structure and controller. The umbrella order of the
deviation from the zero point near the 10 and 20 kHz frequency is caused by the SVPWM,
which is the result of the signal modulation. The time-frequency domain of the mechanical
angular acceleration of the motor is shown in Figure 26b. The amplitude corresponding
to the 20 kHz frequency is the largest, and the amplitude corresponding to 1920 Hz is the
second; the high-frequency torsional vibration causes large noise and easily leads to shaft
deformation and fatigue.
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Figure 26. NVH performance of the motor: (a) color map of electromagnetic torque; (b) time-
frequency domain of motor angular acceleration.

Owing to the non-ideal factors, such as the motor structure, magnetic field design,
controller signal error, and delay, a large number of harmonic currents exist in the motor
winding, resulting in an obvious torque ripple order proportional to the motor speed in
the electromagnetic torque. At some speeds, the torque ripple causes resonance of the
entire machine, leading to high-frequency screams. In some low-speed starting conditions,
longitudinal jitter of the vehicle occurs, and the subjective driving experience of the driver
is significantly reduced. Simultaneously, the harmonic current causes additional electro-
magnetic loss, reduces the operation efficiency of the motor, increases its temperature,
reduces its control accuracy, and further deteriorates its vibration state.

4.6.2. Different Speeds, Constant Load Condition

The waterfall diagram of the frequency domain characteristics varying with the rota-
tional speed under a speed step of 100 rpm and constant load of 153 N-m is depicted in
Figure 27a. Figure 27b displays the frequency domain comparison results of the electromag-
netic torque under the four operating conditions. Under different speeds, the electromag-
netic torque fluctuates significantly after introducing the non-ideal factors, among which
the 6th order torque fluctuation component dominates. With an increase in speed, the
amplitude of each order of torque fluctuation component generally tends to rise because of
the poor effect of the motor control system on the fluctuation component shifted to high
frequency, the increase in the harmonic amplitude of the back electromotive force, and the
SVPWM error.
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Figure 27. Frequency domain results of electromagnetic torque under different speeds: (a) waterfall
diagram of electromagnetic torque; (b) comparison results of electromagnetic torque.

4.6.3. Different Loads, Constant Speed Condition

Figure 28 shows the frequency domain results of the electromagnetic torque under
different loads and a constant speed of 4800 rpm. As the load increases, the amplitude
of the 1st order torque fluctuation remains unchanged, whereas the torque fluctuation
components of other orders increase. This indicates that the amplitude of the torque
fluctuation caused by the current offset error remains unchanged, and the amplitude of
the torque fluctuation caused by the air-gap magnetic field nonsinusoidal distribution and
the current scaling error increases. Therefore, the nonlinear characteristics of the inverter,
the nonsinusoidal distribution of the air-gap magnetic field, and the current measurement
error lead to a sharp deterioration in the vibration state of the motor when it is operated
under high-speed and heavy-load conditions.
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Figure 28. Frequency domain results of electromagnetic torque under different loads: (a) waterfall
diagram of electromagnetic torque; (b) comparison results of electromagnetic torque.

4.6.4. Comparison of the Degree of Influence of Each Factor

Figure 29a-d depicts the frequency spectra of the phase current considering the
inverter nonlinearity, the nonsinusoidal distribution of the air-gap magnetic field, the
cogging torque, and the current measurement error under the operating conditions of
4800 rpm speed and 153 N-m load, respectively. The inverter nonlinearity and magnetic
field harmonics mainly cause the 6k — 1th and 6k + 1th harmonic amplitudes in the current
to increase significantly, but the inverter nonlinearity leads to a more evident current
distortion. After considering the inverter nonlinearity, the phase current distortion rate is
4.45%, and after considering the nonsinusoidal distribution of the air-gap magnetic field,
the phase current distortion rate becomes 4.07%. The cogging torque has little effect on
current harmonics. The current measurement error mainly causes an obvious increase
in the 2nd and 3rd harmonic amplitudes of the current, and the current distortion rate is
3.97%. Considering the non-ideal factors comprehensively, the phase current distortion rate
is 4.59%, showing that the harmonic amplitudes of each order are nonlinear superpositions
when the non-ideal factors work together.
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Figure 29. Comparison results of current harmonic spectrum diagrams: (a) comparison results of
current harmonic considering the inverter nonlinearity; (b) comparison results of current harmonic
considering the nonsinusoidal distribution of the air-gap magnetic field; (c¢) comparison results

of current harmonic considering the cogging torque; (d) comparison results of current harmonic
considering the current measurement error.

Figure 30a—d displays the time domain diagrams of the electromagnetic torque consid-
ering the inverter nonlinearity, the nonsinusoidal distribution of the air-gap magnetic field,
the cogging torque, and the current measurement error under the operating conditions
of 4800 rpm speed and 153 N-m load, respectively. The peak torque fluctuations caused
by each single factor are 5.509, 3.1076, 4.7396, and 5.4963, respectively. The peak torque
fluctuations after comprehensive consideration of the non-ideal factors are 10.3692. It is
shown that the nonlinearity of the inverter has the greatest impact on the torque ripple
under the rated conditions, and the current measurement error has the second highest
impact on the torque ripple. In contrast, the nonsinusoidal distribution of the air-gap
magnetic field has the smallest impact on the torque ripple. This is because the structural
optimization of the PMSM for the electric vehicles considered in this study is excellent,
resulting in smaller harmonic components of the magnetic field.
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Figure 30. Comparison results of electromagnetic torque in the time domain: (a) comparison re-
sults of electromagnetic torque considering the inverter nonlinearity; (b) comparison results of
electromagnetic torque considering the nonsinusoidal distribution of the air-gap magnetic field;
(c) comparison results of electromagnetic torque considering the cogging torque; (d) comparison
results of electromagnetic torque considering the current measurement error.
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5. Discussion

In this study, to determine the influence of non-ideal factors such as the inverter
nonlinearity, the nonsinusoidal distribution of the air-gap magnetic field, the current mea-
surement error, and the cogging torque on the dynamic and vibration characteristics of the
PMSM, a double closed-loop PMSM model considering the non-ideal factors is established.
Based on the analysis of the simulation results, it is concluded that the inverter nonlin-
earity and nonsinusoidal distribution of the air-gap magnetic field lead to a 6nth order
torque fluctuation of the motor electromagnetic torque, and the coupling effect of the two
aggravate the 6nth order torque fluctuation. The current measurement error causes the 1st
and 2nd order torque fluctuations of the electromagnetic torque, while the cogging torque
produces the 12nth order torque fluctuation. The non-ideal factors and shaft frequency
modulation of the motor cause multi-order torque ripples in the electromagnetic torque,
and the vibration state of the motor deteriorates sharply under high-speed and heavy-load
conditions.

Most of the existing studies have ideally simplified the complex motor. Although
some studies have considered two or more factors, multiple factors were not considered
simultaneously during modeling, resulting in low modeling accuracy. Moreover, in some
studies, the motor model established is an open-loop model, ignoring the interaction
between the control system and motor, while others have established motor models that
reflect the nonlinear characteristics but did not analyze the influence of a single factor on
the motor. In this study, a mathematical model of the PMSM considering multiple non-ideal
factors is established, and the influences of the inverter nonlinearity, the nonsinusoidal
distribution of the air-gap magnetic field, the current measurement error, the cogging
torque, and the non-ideal factors, taken all together on the electromagnetic torque vibration
characteristics, are clarified. The established motor model can better reflect the nonlinear
characteristics of the motor, and the non-ideal factors should be considered in the analysis
of the nonlinear vibration characteristics of complex motors. The results of this study can
provide a reference for the modeling and analysis of the vibration characteristics of PMSMs
in electric vehicles.

This study has some limitations. The finite element model is a two-dimensional model,
and its accuracy is not as high as that of a three-dimensional model. Some nonlinear
factors, such as cross-coupling and magnetic circuit saturation, were not fully considered.
In addition, factors such as iron loss and temperature, which have considerable effects
on the electromagnetic torque vibration, were not included. In the next step, the motor
model will be further improved, and a high-fidelity and strong nonlinear motor model
will be established to determine the influence of nonlinear factors, such as magnetic circuit
saturation, on the motor and control system.

In addition, we will use the established PMSM model to study the current harmonic
suppression strategy and combine it with a gear model to investigate the electromechanical
coupling interaction mechanism of the electric drive system.

6. Conclusions and Future Work

In this study, the PMSM of an electric vehicle was taken as the research object, and
the nonlinear characteristics of the inverter, the nonsinusoidal distribution of the air-gap
magnetic field, and the current measurement error were comprehensively considered. The
mathematical model of the PMSM was established, and the influence laws of the single non-
ideal factors and all the factors considered simultaneously on the dynamic and vibration
characteristics of the PMSM under different rotational speeds and loads were analyzed.
The main conclusions are as follows.

a. Alarge number of 6k — 1th and 6k + 1th harmonic components exist in the motor phase
current owing to the nonlinear characteristics of the inverter, which cause distortion of
the stator flux linkage and 6nth order torque fluctuation of the electromagnetic torque.
The nonsinusoidal distribution of the air-gap magnetic field produces the 6k — 1th
and 6k + 1th harmonic components in the back electromotive force and rotor flux
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linkage, which result in 6n1th order torque fluctuations. The current measurement error
leads to the existence of 1st and 2nd harmonics in the d- and g-axes current harmonic
components, which cause 1st and 2nd order torque fluctuations. The cogging torque
leads to a 12nth order torque ripple of the electromagnetic torque.

b. Under high-speed operating conditions, the interaction between the low-frequency
harmonic current generated by SVPWM and the 6k — 1th and 6k + 1th harmonic
currents generated by the nonsinusoidal distribution of the air-gap magnetic field
causes the peak frequency of the fluctuation to shift to a high frequency, which leads to
a larger amplitude of the 12th order. The electromagnetic torque fluctuations produced
by the nonlinearity of the inverter are more violent, and the 1st and 2nd current
harmonic frequencies caused by the current measurement error are larger and generate
low-frequency electromagnetic torque vibrations. The influence of cogging torque on
control performance is reduced. With an increase in load, the current harmonics caused
by SVPWM and the nonsinusoidal distribution of the air-gap magnetic field jointly
affect the 6nth order torque fluctuation distribution: the larger the load, the greater
the electromagnetic torque 6nth order fluctuation caused by the inverter nonlinearity.
The amplitude of the 2nd order electromagnetic torque fluctuation produced by the
current measurement error is significantly increased.

c.  The non-ideal factors produce a large number of time harmonics and space harmonics
in the PMSM and cause multiple-order torque ripples. Under the coupling actions
of the nonlinear characteristics of the inverter and the nonsinusoidal distribution
of the air-gap magnetic field, the 6nth order torque ripple is aggravated. With an
increase in load, the 1st order torque fluctuation amplitude remains unchanged, and
the torque fluctuation components of other orders increase, especially under high-
speed and heavy-load conditions. The nonlinear characteristics of the inverter, the
nonsinusoidal distribution of the air-gap magnetic field, the cogging torque, and
the current measurement error lead to a sharp deterioration of its vibration state.
Therefore, the non-ideal factors should be comprehensively considered in the analysis
of the nonlinear vibration characteristics of complex motors. This study provides a
theoretical reference for the mathematical modeling and electromagnetic vibration
research on the PMSMs of electric vehicles.

More research can be conducted on active motor current harmonic suppression meth-
ods based on current harmonic injection and motor body structure optimization. In addi-
tion, the influence of the mechanical drive system on the motor needs to be considered and
future research should focus on bench testing.
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Appendix A

Derivation of the expressions of d and g-axis flux.
The difference of phase angle among three-phase flux is 271/3, which can be expressed as:

E P(ak—1)cos[(2k —1)6]
Pma(0) Pma(0) =
Pmave = | (0) | = | (0 —27/3) | = | ¥ $x_1)cos[(2k —1)0 —27/3] (A1)
Pme(0) Pme(0+27/3) =
E P(ak—1)cos[(2k — 1)6 + 271/3]

Execute the Park’s transformation for Equation (A2):

r {’#1 + [Eb(ekfl) + ¢(6k+l)} cos(6k0 + 9d6k)}
lpm,dq = Cabc,dqlpmubc = k§1{ [ } . (6k9 ] )} (A2)
- 1+ sin + 6k
P Prek—1) T Pok+1) 6
5 cosd  cos(6 —2m/3)  cos(6 +2m/3)
Cabedg = 3 —sin® —sin(60 —2mt/3) —sin(0+2m1/3)
1/v2 1/v2 1/v2
The stator flux generated by the fundamental current can be calculated as follows:
_ |La O |ia| _ |Laiia
Veda = [ 0 Lq] [iq} - Lqiq (A9
Add Equations (A2) and (A3); the expression of the d and g-axis flux is:
$q = Laig + kZl{lPl + [4’(6%1) + ¢(6k+1)} cos(6k0 + 9d6k)}
o (A4)

g = Laig + koé{ [*w(ékfl) + ¢(6k+l)} sin (6k9 + Gqék) }

Appendix B

Derivation of mathematical equations of the current measurement error.
Considering a three-phase PMSM drive system with two phase current sensors, the
measured currents can be presented as follows:

ius_m == ias + Aiu
ihs_m = Ips + Al (A5)
icsfm = _(iasfm + ibs_m)
These current measurement errors can be presented in the synchronous reference
frame as
; ins. m 5 [ cose cos(0 —2m/3)  cos(6+2m/3) igs + Ay LA
[ds ’”1 = Tapedg | ibsm | = 3 —sinf —sin(0 —27t/3) —sin(6+27/3) ips + Ay = [‘;’S LA gS] (A6)
qs " ics_m 1/\/§ 1/\/§ 1/\/E ies — (Aia + Aih) qs 1

AiS = Aigscost) + \[(Alus + 2Aiyg)sind
Alqs —Aiggsind + \f (Aigs + 2Aiys)cosO

a. The current offset error.
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When considering the current offset error, the measured currents can be expressed
as follows: ‘ ‘ ’
las_m = las +1q_of fset Ai .
. . . 1 =1
lhs_m = lbs + p_offset = { s "a_of fset (A8)
. . . Aips = Tp_of fset
les_m = 1cs — La_offset T Lb_of fset

where the iy, iy, and i. are real phase currents. The offset error can be presented in the
synchronous frame, by substituting Equation (A8) into Equation (A7):

Aiils = %\/ia,offsetz + ia?offsetibfoffset + ib?offsetzsm(wet + ‘X)

Aiss = % \/ia_off‘set2 + ia_offsetib_offset + ib_offsetzcos(wet + a) (A9)
& = tan~ (g

Aia?offset +21’[170])‘5&

b.  The current scaling error.

When considering the current offset error, the measured currents can be expressed

as follows:
{ igs.m = Kaigs = Icost N Nigs =1(1— K% cos6 (AT0)
ips_m = Kpips = Icos(6 —271/3) Aips = I(1— g )cos(6 —27/3)

where the I is the amplitude of phase current.
The scaling error can be presented in the synchronous frame by substituting Equation
(A10) into Equation (A7):

Ai¢ = Y3 (K, — Ko)Isin(Quwet + ) + 2K4Ka AT
A = Y3 (K, — Ko)Isin (2wt + ) + %2 (K, — Kp) 1
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