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ABSTRACT: To suppress the torsional vibration caused by the omission of couplings and dampers during flexible power transmission in
the permanent magnet (PM) synchronous drive system of pure electric vehicles (EVs), this paper presents a non-singular fast terminal
sliding mode control (NFTSMC) torsional vibration suppression strategy based on a sliding mode disturbance observer (SMDO). First,
a PM synchronous drive system is simplified as a two-inertia model, and a mathematical model is established. Then, an NFTSMC
controller of the load-side speed feedback is designed to suppress torsional vibration. Meanwhile, an SMDO is designed to estimate
the load disturbance, and the estimated value is fed back to the controller to perform feedforward compensation. The robustness of the
system is improved, and the effect of the load disturbance on the system is reduced. The results of the simulations and experiments show
that the presented NFTSMC based on the SMDO strategy has a strong torsional vibration suppression effect compared to PI control and

conventional sliding mode control.

1. INTRODUCTION

n recent years, new energy vehicles have captured the most
Iof the automotive market due to their high energy conver-
sion efficiency, environmental friendliness, and green creden-
tials. The clean, efficient, and emission-free nature of electric
vehicles (EVs) have made them a popular choice for solving
air pollution problems. It is important for achieving peak car-
bon emissions and carbon neutrality [1-3]. Today’s vehicles are
meeting higher demands for economy and performance. How-
ever, driveline’s torsional vibrations are getting worse, which
affects overall vehicle performance. The resulting noise, vi-
bration, and harshness (NVH) problems also reduce passenger
comfort. Therefore, it is essential to analyze and study torsional
vibration in EVs. Torsional vibration has long been concerned
about in vehicles with internal combustion engine vehicles [4].
The problem is even more serious in pure electric and hybrid
electric vehicles. The first reason is the lack of damping com-
ponents, such as clutches, torsional dampers, and torque con-
verters; the second reason is the rapid torque rise time of the
engine, which triggers torsional resonance [5]. Torsional vi-
bration problems in transmission systems already exist in in-
dustrial applications, such as rolling mills, servo motor control,
or similar multi-mass systems. In such systems, torsional reso-
nance frequencies exist as a function of motor and load inertia
and shaft stiffness [6-9].

The integrated powertrain of an EV is a nonlinear, highly
uncertain complex system in which the permanent magnet syn-
chronous motor (PMSM), driveline, and control system are
electro-mechanically coupled [10]. Estimation, control, and
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optimization are the three main technical challenges of elec-
trified powertrains. In terms of control and performance op-
timization, the EVs powertrain has a simple structure with
few running and transmission components. In fact, the low-
damping characteristic of the motor makes the torque and speed
control of the motor quickly, which significantly improves the
transmission efficiency and power density of the powertrain,
thus contributing to the lightweight of EVs. However, motor
controller is usually designed to generate the required torque
regardless of the mechanical state, and the load side and motor
side generate angular shifts. Thus, it causes torsional vibration
problems in EVs. A torsional vibration control method com-
bining a dimensional reduction observer and Linear Quadratic
Regulator (LQR) is proposed for an integrated EV powertrain
to achieve powertrain torsional vibration suppression [11]. A
new algorithm is proposed for the simultaneous identification
of powertrain tooth gap position and half-shaft torque, and the
road test data of highly dynamic vehicle state changes were ver-
ified by using a hybrid state observer [12]. However, the algo-
rithm is too complex and difficult to implement in engineering.
A powertrain model of an EV with a two-speed transmission
has been developed in [13]. The effects on free and forced vi-
brations were analyzed in terms of torsional stiffness and damp-
ing coefficients, but the influence of other parameters on the
system was not considered.

Due to the advantages of high reliability and efficiency,
high overload capacity, high power density, and high torque to
weight ratio, PMSMs for vehicles have dominated the market
of EV drive motors. Compared to reluctance motors, PMSMs
produce less torque pulsation and noise, which provides a new
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direction for solving NVH problems in EVs. At present, the
dual proportional-integral (PI) control technique of speed exter-
nal loop-current internal loop has become the mainstream con-
trol method for electric motors due to the advantages of simple
algorithms and easy engineering implementation. However, in
the actual electromechanical coupling system, the electromag-
netic force effect is transferred directly between the motor rotor
and drive shaft. This results in a high frequency of torque fluc-
tuations, which is more likely to have an impact on the drive
system and lead to unsatisfactory control performance.

For the control requirements of PMSM in EVs, many ad-
vanced control methods are widely used, such as model pre-
dictive control [14], state feedback control [15], active distur-
bance rejection control (ADRC) [16], and sliding mode control
(SMC). Among them, SMC is considered as one of the most
effective methods to improve the immunity and robustness of
PMSM systems and has attracted much attention. A model-free
sliding mode controller with an extended sliding mode distur-
bance observer was designed to estimate the unknown part of
the ultra-local model, which effectively improved the dynamic
performance of the PMSM and ensured the strong robustness
of the system [17]. A model-free non-singular terminal sliding
mode combined with an extended non-singular sliding mode
disturbance observer is proposed, and the speed-loop controller
is designed, which reduces the dependence on the mathemati-
cal model of the motor, but the parameter regulation is complex
and not very practical [18].

At present, the research on torsional vibration controllers for
pure EVs mainly involves the design of a notch filter to re-
duce the amplitude of the conjugate pole depression peaks of
the system transfer function and to reduce the oscillations in
the system. A novel multi-notch filters (MNFs) method with a
frequency estimator is presented to suppress the harmonic vi-
bration for maglev rotor system [19]. A Butterworth low-pass
filter is designed to suppress local vibration for PMSM Servo
System [20]. A vibration compensation control method based
on an adaptive neural network band-pass filter (ANNBPF) is
proposed to solve the problem of rotor vibration for the bear-
ingless PMSM [21].

This paper innovatively presents a sliding mode control
method from the control perspective to solve the torsional vi-
bration problem of EVs by designing a sliding mode torsional
vibration controller. The method is based on a simplified two-
inertia model of the permanent magnet (PM) synchronous drive
system and the design of a non-singular fast terminal sliding
mode controller (NFTSMC) to suppress torsional vibration. A
sliding mode disturbance observer (SMDO) is also designed
to accurately estimate the load disturbance of the system in
real time and perform feedforward compensation for NFTSMC.
This effectively improves the anti-disturbance capability of the
closed-loop motor drive control system and achieves effective
torsional vibration suppression in the PM synchronous drive
system. The correctness and effectiveness of the presented con-
trol algorithm were verified by simulations, experiments, and a
comprehensive comparison with PI control and conventional
sliding mode control algorithms.

The contributions of this study are summarized as follows:
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(i) An NFTSMC based on the SMDO method is presented to
effectively suppress torsional vibration and improve the
anti-disturbance capability of EVs.

(i) An SMDO is designed to accurately estimate the load
disturbance and perform feedforward compensation for
NFTSMC.

(iii) Through simulations and experiments, the effectiveness of
the presented control algorithm is verified by comparing
with PI control and conventional SMC.

This paper is structured as follows. The system description is
presented in Section 2. In Section 3, an NFTSMC based on the
SMDO is designed to achieve torsional vibration suppression of
the PM synchronous drive system. Section 4 exhibits the results
of simulations and experiments. Finally, conclusions are given.

2. SYSTEM DESCRIPTION

2.1. Mathematical Model of PMSM

Ignoring stator core saturation, parameter perturbation, and
hysteresis loss, the stator voltage equation of PMSM in the d-¢
axis coordinate is expressed as:

. d .
ug = Rgig + %1%1 - weLqu
) (1
Uqg = Rsiq + $¢q + we (Ldid + wf)

where Lg, L, are the d-q axis inductances (H); ¢4, i4 are the d-q
axis stator currents (A); ugq, uq are the d-g axis stator voltages
(V); Ry is the stator resistance (£2); s is the permanent mag-
net fluxlinkage (Wb); we is the electric angular velocity (rad/s);
4, Vg are the d-q axis stator magnet flux component (Wb), re-
spectively.

The electromagnetic torque equation of PMSM is expressed
as:

T. = 1.5n,(Yaiq — ¥gia)

2
= 1.5np [d)f’iq + (Ld - Lq) idiq] @

where T is the electromagnetic torque (N - m); n,, is the pole
number (pairs).

The inductance of a surface-mounted PMSM (SPMSM) sat-
isfies Ly = Ly, = L. As a result, the SPMSM torque is inde-
pendent of the d-axis current and is only linearly related to the
g-axis current. The electromagnetic torque equation is:

Te = npyig 3)
The mechanical motion equation of SPMSM is:
d
J=2L =T, = Ty — By )

where T7, is the load torque (N - m); B is the viscous friction
coefficient (N - m - s); wys is the mechanical angular speed of
the motor (rad/s) and satisfies wy; = we/np; J is the rotational
inertia of the system (kg - m?). Assuming that the motor and
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load are ideally connected by a rigid shaft, and the rotational
inertia of the motor and the load are Jy; and J1,, J = Jy + J1..

According to (1), (3), and (4), the state equation of the
SPMSM is obtained

dig R . . Uq

@ T L e Mt
dfgz—nprzd—Tzq— pL wM—|—fq

(5)

dLL)M _np¢fi _Ew _&

a g My

donr _

a M

where 0, is the mechanical angular position of the motor rotor
and satisfies 0y = 6./n,,.

2.2. Simplified Model of Pure Electric Vehicle Drivetrain

The general structure of a PM traction system of an EV is shown
in Fig. 1. The powertrain consists of a PMSM, a gearbox, a
main gearbox, a differential and two half shafts. The motor is
mounted in the center of the front axle of the vehicle. During
acceleration and cruising, the motor provides the torque which
is transmitted through the driveline and applied to the axles to
keep the car moving. The powertrain analyzed in this paper has
a central drive topology that does not take into account the non-
linear characteristics, and it is abstracted as a simplified two-
inertia model. For simplicity, the model does not include gear
backlash, and the change in mesh stiffness during transmission
and ignores the differential speed effect of the reducer. The out-
put torque of the engine is assumed to be transferred equally to
the left and right half shafts [22].
The state equation of the pure EV is

dig 5. . Uq
P AR e
di . R, . npts U
R T
dwpy npty . bs K
dear _ - —wr)— 2 (O -0
7 T T (wm —wr) Tu (Oar—01) "
dwr, bs K, 17
WL s _ 5 (G —6,) — =
gt 7L (wm —wr) 7, (Om —01) 7,
dons _

a M
an _,

a ~ F

where J), is the rotational inertia of the driven PMSM; J, is the
equivalent rotational inertia of the wheel equivalent to the vehi-
cle end; wyy is the mechanical angular velocity of the motor; wy,
is the equivalent angular velocity of the vehicle end; K is the
equivalent torsional stiffness of the half shaft and wheel equiv-
alent to the vehicle end; b, is the equivalent torsional damping;
01, 01, are the angular position of the motor rotor and the load.
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FIGURE 1. Simplified two-inertia model of EV.

3. TORSIONAL VIBRATION SUPPRESSION CONTROL

This section designs a sliding mode controller for a simplified
model of an EV to achieve torsional vibration suppression. To
avoid the integral saturation of PI controllers and the chattering
problems of conventional SMC, a second-order non-singular
fast terminal sliding mode (NFTSM) control method is used
according to the load feedback speed.

3.1. Sliding Mode Torsional Vibration Control

The given load speed is w7, and the load speed error is chosen
as the state variable:

T =Wl —wr
{._ (7)
T1 = T2
According to (7), the speed error equation is:
o = wz — Wy
8)
. bs s Tr (
=W — — — — Or — 0 =
wr g (war —wr) 7, (On —0L) + 7,

Since the load torque is a constant, the derivative of (8) gives:

. bsnpwf . % bg KS
2 I tot Lt Jpdr  JL (war = i)
Ksbs bsTL
Orr — 1) — oL
Ty, Oy~ 0L) J2
©)
where Jip = 7 + 5. To effectively reduce the steady-state

error, the NFTSM surface is selected as [23]:

s = a1 + ax /" + BaP/

(10)
where «, ( are constants to be designed and are greater than
zero. [, h, p, q are all constant odd numbers to be designed;

1<p/qg<2,1/h>p/q
The derivative of (10) gives:

: o i/n-1
§=xg+ ﬁfﬁ/

T2 + %xé}/q_l@

(11
l - -
= Iy (1 + %xll/h 1) + %Z‘g/q lj?g
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To eliminate the chattering caused by the sliding mode con-
trol and to speed up the convergence motion, the exponential
convergence law is chosen as:

§ = —esgn(s) — ks (12)
where k > 0, € > 0 are the gains to be designed.

Combining (7)—(9), and (11)—(12), the output of NFTSMC is
obtained as:

JuJr [ 4 2-p/q ( al l/hl) .
lg = —x 1+ —=z +w
q bsn[)d)f pr 2 h 1 L

b? Ks Kb,
£ = - Or — 0 13
(g = 52 o = n) 550 O = 0) (13

bsTL
J7

+ esgn (s) + ks}

Theorem 1 If the NFTSM surface (10) is chosen, and the ex-
ponential convergence law (12) is chosen, the designed sliding
mode controller (13) is asymptotically stable.

Proof 1 Consider Lyapunov functions as follows:

1
Vi = 552 (14)

Take the derivative of Vi:

. [ _ _
V=s <I2 + %Il/h 1x2 + @x’é/q 1:t2>
q

l _ _
:s{xz <1+O;Lxll/h 1)4—%)33’2)” !

_ 4 2-v/a |y al -1\ _
[ﬂp% (+hm1 ) esgn (s) ks}}

(15)
=s {ipxg/q_l [—esgn(s) — k‘s]}

= %x’;/q_l [—e|s| — ks?]

< D2yl
q

wherel <p/q<20<p/q—1<1,p,q{ > q arepositive
even numbers.

From (15), xg/q_l > 0, Vi < 0. According to Lyapunov's
stability theorem, the system state will converge in finite time.
The reachable condition of the sliding mode is satisfied. The
designed sliding mode controller is asymptotically stable.

3.2. Sliding Mode Disturbance Observer

The sliding mode disturbance observer (SMDO) is designed to
estimate the load disturbance in real time by the input and out-
put of the system. The feedforward compensation is performed
on the NFTSMC.

The speed loop sliding mode disturbance observer (SMDO)
is designed as:

5 o_ by B Tp
e = q e
R 16)

TL = llusmo

where @, is the estimated speed; TL is the observed load dis-

turbance; TL represents its rate of change; g, is the sliding
mode function to be designed; /1 > 0 is the observer gain.
The observation error of (16) is expressed as:

T, B
_7L - T€uw + Usmo

€y =

TL = llusmo

where e,, = @, — w, is the speed observation error; 17, =
T, — T7, is the estimation error of load disturbance.
Usmo 18 designed as:

Usmo = ysgn (1) + nl (18)

where v, n are designed parameter numbers.

Theorem 2 Selecting the sliding mode surface | = e, and

choosing the appropriate observer gain v > | Ty, /J|, the state
error (16) will converge to zero in finite time.
Proof 2 Consider Lyapunov functions as:
1
Take the derivative of V5
Vo =1l
B Ty,
=l|——e,— — +ysgn(l) +nl
N 7 tosgn(l) +7 20)
= iﬁ+l2+l ﬁ—i— sgn (1)
= i n i Sg

where J > 0, B > 0. When the stability condition is satisfied,
it is simplified to

. T
V, < fl7L + lysgn (1)

T
< 1=+ iy 1)
Ty
<= -
< ||<J 7)
When the gain0 < n < g and~y > ‘TTL are chosen, Va < 0.

The SMDO is asymptotically stable.
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FIGURE 2. Simplified two-inertia model of EV.
TABLE 1. Parameters of PMSM. TABLE 2. Parameters of three control methods.
Parameters Unit Values PI SMC NFTSMC
DC side voltage U, v 350 P =1050 ¢=550 o« =12000
rotor PM flux (¢ ) Wb 0.171 1 =32 e =500 = 2000
stator inductance (L) H 0.00334 = k=140 [/h=7/3
stator resistance (Rs) Q 1.9 - - p/q=>5/3
number of pole pairs (np) pairs 4 - - e =0.01
Friction coefficient (B) N-m-s/rad  0.0001 — - k =0.008
rotational inertia (Jas) kg - m’ 0.015 - - v = 200
Torsional stiffness (Ks) N - m/rad 4000 - - n = 4000
Torsional damping (bs) N-m-s/rad 100 - - lh=62
Overall vehicle inertia (Jr,) kg - m? 2.5

To reduce the chattering caused by the sliding-mode sign
function, the saturation function sat (s) is used instead of the
sign function. The saturation function sat (s) is:

sat (s) = { sen () IEI 22 (22)

where A is the value of the boundary layer.

Fig. 2 shows the block diagram of the proposed NFTSMC
torsional vibration suppression system for EV. The proposed
algorithm is shown in the red dashed box. The control process
is as follows: first, the PMSM speed loop NFTSMC controller
is designed according to the two-inertia model of the EV; then,
the load disturbance is accurately observed by SMDO, and the
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observed value is fed back to the NFTSMC controller to achieve
the suppression of the load-side torsional vibration.

4. SIMULATION AND EXPERIMENT

This section gives the results of the simulations and hardware-
in-the loop simulation (HILS) experiments to verify the
feasibility and effectiveness of the presented SMDO-based
NFTSMC method. A two-inertia model of the pure EV is
constructed using the MATLAB/Simulink. The proposed
method is compared with PI control and conventional SMC.
The motor is controlled by using the ¢y = 0 control strategy.
The g-axis reference current is provided by an external speed
loop controller. The sampling period is set to 10 us, and the
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FIGURE 3. Simulation results of speed response, output torque by PI, SMC, and NFTSMC during acceleration and cruising. (a) n. (b) Te.
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FIGURE 4. Simulation results of d-q axis current response by PI, SMC, and NFTSMC during acceleration and cruising. (a) iq. (b) i4.
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FIGURE 5. Simulation results of speed response at motor-side, load-side by PI, SMC and NFTSMC. (a) war. (b) wr..

DC voltage is 350 V. The parameters of the PMSM are shown in
Table 1. Table 2 shows the control parameters of the PI control,
conventional SMC and NFTSMC. In the conventional SMC,
the sliding mode surface is chosen as s = cx; + x3, and the

exponential convergence law is chosen as § = —e;sgn (s) —
kl S.

4.1. Simulation Results at Acceleration and Cruising Condi-
tions

Figures 3 and 4 show the simulation comparison of the
NFTSMC method with PI control and conventional SMC
during the start-up, acceleration, and cruise of the EV.
Fig. 3 shows the speed response waveform and motor output
torque waveform. Fig. 4 shows the d-g axis current response
waveform.
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The speed variation curve in Fig. 3 shows that the NFTSMC
reaches the reference speed at 0.12 s during the start-up, while
the PI and SMC reach the steady state at 0.14 s and 0.13 s, re-
spectively. The steady-state control accuracy of the NFTSMC
is better than that of the PI and SMC.

It is clear from Fig. 4 that the convergence performance of PI
control and conventional SMC is poor at speed steps, and the d-
q axis current waveforms of NFTSMC are the smoothest with
the least pulsation. The experiments show that the NFTSMC
strategy has high transient steady state performance.

4.2. Simulation Results of Torsional Vibration Suppression

Figures 5 to 7 show the simulated comparison of NFTSMC with
PI control and conventional SMC for the motor side and load
side of the two-inertia system during start-up acceleration and
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FIGURE 8. THD analysis of A phase stator current. (a) PI. (b) NFTSMC.

cruise of an EV. Fig. 5(a) and Fig. 5(b) show the motor-side and
load-side speed response curves, respectively. Fig. 6(a) and
Fig. 6(b) show the motor-side and load-side angular position
response curves, respectively. Fig. 7(a) and Fig. 7(b) show the
motor-side and load-side angular acceleration response curves,
respectively. Fig. 8(a) and Fig. 8(b) show the current total har-
monic distortion (THD).

Figure 5(a) shows that there is significant torsional vibration
on the motor side of the two-inertia system, and the three meth-
ods have a certain degree of acceleration delay during the start-
up condition. Due to the large torsional stiffness and torsional
damping of the system, the torsional vibration of NFTSMC is
also relatively obvious compared to conventional SMC with PI
control. It can be seen from Fig. 5(b) that the NFTSMC and
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conventional SMC with load speed feedback can effectively
suppress the torsional vibration of EV and the problem of ac-
celeration delay it solved. However, when PI control is used,
the torsional vibration on the load side is still obvious, which
seriously affects the ride comfort of EV.

Figures 6(a) and 6(b) show that the NFTSMC method has
minimal effect on the position angle between the motor and
load sides of the two-inertia system compared with conven-
tional SMC and PI control. The method has strong position
tracking and minimal effect on the stability of EV at starting
and cruising states.

Figures 7(a) and 7(b) show the unstable fluctuation of angu-
lar acceleration on the motor side and smoother angular accel-
eration on the load side. The angular acceleration controlled
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FIGURE 10. RT-LAB HILS experiment platform. (a) RT-LAB platform. (b) Configuration.

by the NFTSMC on the motor side and load side is smaller
than that controlled by the PI control and conventional SMC.
It maintains high stability at the starting and cruising state.

Figure 8 shows the total harmonic distortion (THD) of the A
phase current by PI and NFTSMC control at uniform accelera-
tion conditions. From the THD analysis of phase A in Fig. 8, it
can be seen that the phase current THD by PI control is 13.45%,
while the proposed NFTSMC algorithm is only 10.15%.

4.3. Simulation Results of SMDO

Figure 9 shows the results of the speed tracking error and the
observed load disturbance by using the SMDO.

Figure 9(a) shows that the SMDO has a good tracking per-
formance, and there is no significant observation error in the
SMDO during the steady state. As can be seen in Fig. 9(b),
the load disturbance portion of the waveform observed by the
SMDO is relatively smooth.

4.4. Results of Experiments

To further demonstrate the effectiveness of the presented
SMDO-based NFTSMC method, the HILS of the PMSM
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drive system is carried out on the RT-LAB hardware plat-
form [24, 25]. The HILS platform and configuration are shown
in Fig. 10(a) and Fig. 10(b). The experimental parameters are
the same as the simulation ones.

Figure 11 shows the d-axis and g-axis current, speed, and
torque waveforms by PI control, conventional SMC and
NFTSMC algorithm. It is clear from Fig. 11 that compared
with PI control and conventional SMC methods, the proposed
NFTSMC method can achieve lower torque pulsation and thus
reduce the torsional vibration on the load side of the system.

Figure 12 shows the speed and angular position waveforms
of the motor and load side for the chattering suppression com-
parison of the three methods. It is clear from Fig. 12 that
the NFTSMC method has a suppressive effect on the load-side
torsional vibration and can accurately maintain a stable speed
tracking while reducing the motor output torque.

In summary, in comparison with PI control, the conventional
SMC and proposed NFTSMC vibration suppression methods
can not only accurately track the rotational speed, but also accu-
rately track the rotational speed. The load side has a significant
torsional vibration suppression effect in contrast to the severe
torsional vibration on the motor side.
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FIGURE 11. Experimental waveforms of the current, speed and torque.
(a) P1. (b) SMC. (c) NFTSMC.

5. CONCLUSION

For the torsional vibration of a PM synchronous drive system
under load disturbance, this paper proposes a non-singular fast
terminal sliding mode control (NFTSMC) algorithm based on
a sliding mode disturbance observer (SMDQO). Through simu-
lation and experimental comparison with PI and conventional
SMC control methods, the following conclusions are drawn:

(1) The PM synchronous drive system is simplified as two-
inertia model. The NFTSMC is designed to suppress the
torsional vibration for the PM synchronous drive system.
The speed, current, and torque of the motor are quickly
converged to the specified values under load disturbance.
It ensures the stability of the entire system.

(i) The SMDO is designed to accurately observe the load

disturbance of the permanent magnet drive system. The
estimated disturbance is fed forward to compensate the
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FIGURE 12. Experimental waveforms of the speed and angular position
of the motor side and load side. (a) PI. (b) SMC. (¢) NFTSMC.

NFTSMC. It effectively suppresses the current and torque
pulsation and ensures the high control performance of the
permanent magnet drive train.

(i) The suppression effect on the load-side torsional vibra-
tion is achieved by comparing the motor-side and load-
side speed, angular acceleration, and angular displacement
of the two-inertia system. It verified the correctness and
effectiveness of the presented control algorithm.
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