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Abstract. The paper deals with an application 1. Introduction

of sliding mode control (SMC) in speed con-
troller of field oriented controlled permanent
magnet synchronous motor (PMSM) for a
simplified model of an electrical vehicle. For the
simplified one, zero-pole elimination method is
utilized to design speed controller because of its
stmplicity. However, the method brings large
integral constant time that makes speed response
slow. In order to provide fast and robust-to-
noise speed one, the SMC method is utilized to
replace the zero-pole elimination (ZPE) one.
Simulations at wide range of reference speed
and load torque are carried out. Performance
indices including steady-state error, overshoot
and undershoot are employed to assess the speed
controller design methods.  FEvaluated results
confirm that the proposed SMC gives smaller
performance indices than the ZPE method.
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Electric Vehicles (EVs) are being utilized to re-
place gasoline-powered ones in order to achiev-
ing low-carbon level [1,2]. Permanent magnet
synchronous motors (PMSMs) are widely em-
ployed in EVs because of their suitable char-
acteristics such as built-in magnetic field, high
start-up torque, small torque ripple. In order
to obtain high performance of PMSM drives,
field oriented control (FOC) drive strategy were
applied [3,4]. Injecting current harmonic was
utilized to enhance maximum motor torque [4].
Space vector pulse width modulation (SVPWM)
schemes were integrated into drive strategies to
improve responses [5-7]. The SVPWM was uti-
lized to avoid high-level interference and ensure
constant switching frequency [6]. Switching di-
agram minimized switching loss in a field ori-
ented controlled PMSM drive using SVPWM
scheme [7].

In order to achieve robust performance of
speed control, proportional-integral (PI) con-
trollers were utilized [8-14]. Tuning rules for
PI controllers were presented for various process
models [8]. The PI parameters were adjusted
nonlinearly to get fast response and low over-
shoot [9]. The fractional-order PI controllers
brought high performance for PMSM drive [10].
The zero-pole elimination (ZPE) method was
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applied to enhance PMSM drive performance
[11]. The PI control was utilized to observe
disturbance for improving performance of the
PI speed controller [12]|. Fuzzy logic tuned pa-
rameters of the PI speed controller in reactive
and active power control of PMSM drive to
obtain robust steady state and short response
time [13]. Auto-coupling PI control gave ro-
bustness to disturbance for PMSM servo drive
system [14]. Another widely used solution for
robust drive performance is sliding mode con-
trol (SMC) that owns some advantages such as
robustness to load and disturbances, finite-time
convergence [15-24].

Variations of the SMC were deployed for ap-
plications of control and observation [15]. Two
switching functions were used in integral SMC
(ISMC) to obtain fast and robust-to-load re-
sponse [16]. The chattering problem was de-
creased and the accuracy was guaranteed in
ISMC [17]. Discrete SMC was combined with
perturbation estimation to get high-performance
tracking [18]. The SMC was integrated into
model predictive control of PMSM drive for re-
ceiving quick and robust response [19]. The
chattering problem was eliminated and the drive
robustness was ensured by a super-twisting SMC
[20]. A terminal SMC reaching law was pre-
sented to improve the control performance of the
PMSM drive under disturbances [21]. A varia-
tion of the SMC reduced the speed error and im-
proved the robustness in the PMSM drive [22].
An adaptive backstepping SMC integrated a dis-
turbance observer was utilized to enhance posi-
tion accuracy in a PMSM drive [23]. The SMC
and a state observer were employed in speed con-
troller to improve speed precision of a PMSM
servo system [24]. In next section, the SVPWM-
FOC PMSM drive utilizing the ZPE method
for design of current controllers are selected to
present due to its simplicity. Then, the ZPE and
the SMC are utilized to design the speed con-
trollers. The SMC is chosen to provide strong ro-
bustness to load activation for the PMSM drive.
Simulations and conclusions are carried out in
last sections.
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2.  Sliding mode speed
controller for FOC
PMSM drive

Fig. 1 presents structure of SVPWM-FOC

PMSM drive integrated ZPE or SMC speed con-
troller. Mathematic model [2] of PMSM drive
for a simplified electric vehicle is expressed by

Eqgs.(1)-(6):
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Fig. 1: Structure of SVPWM-FOC PMSM drive inte-
grated ZPE or SMC speed controller.

Clarke
Transform

1
1 sq 1 q
K 1+— > >
p‘q( T s} qu+R,&

Uy 1
“l Ls+R

y
A\ 4

control
component current I4; (b) flux-component cur-

Fig. 2: Simplified systems of (a) torque-

rent 4.
dpsa ,
= 1
Usa = =5~ + Rsisa (1)
dis .
Usg = Ztﬁ—&—Rszsg (2)

165



VOLUME: 7 | ISSUE: 3 | 2023 | September

wsa - Lsisa + @M COS 97-

¢sﬁ - Lsisﬁ + (bM sin 9,, (4)
3 . .
T, = an(lsﬁq/)sa - Zsawsﬁ) (5)
dwyy
Im dt L= Te — Ty — Bpwm (6)

where: ugsq & Usg, Vsa & VYsp and isg & g, are
a— and S— components of stator voltage vector,
stator flux vector, and stator current vector, re-
spectively; Rs & Lg - stator resistance, sta-
tor inductance; ®,; - magnetic flux of the per-
manent magnet; 0, - rotor position; n, - num-
ber of pole pairs; J,, - moment of inertia; B,,
- rotational damping constant; w,, - mechani-
cal speed; T, - motor torque; T, - load torque.
Estimates of stator current components are cal-

culated by Clarke Transform block (see (7)-(8)):
(7)

lsa = lsa

2 lsq + 21sp

1s3 =
g V3

Flux I; and torque I, components of sta-
tor current vector are computed according to
Eqs.(9)-(10) thanks to Park Transform block:

9)
(10)

®)

1q =1ispsin6, + 154 cosO,

1, = g SIN O, + %55 cos 0,

Torque-component I, and flux-component Iy
controllers respectively provide references of
torque us, and flux usq components of stator
voltages according to Egs. (11)-(12):

1
u:q = Kp,q (eiq + Ti /eith)
1,9
" 1
Ugg = Kp,d €id + T7d eiddt

where K, , & T; ¢; Kpa & Tq (see Fig. 2) are
respectively proportional gains & integral con-
stant times of PI controllers. With the aim of
maximizing the motor torque, reference value of
flux-component current is set be zero. Desired
stator voltage components are computed by In-
verse Park Transform block according to Egs.
(13)-(14):

(11)

(12)

* * s *
Ugy = —Ug, Sin b, + ugy cos b,

(13)
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ugg = Uggsin b, + ug, cos o, (14)

And the components are utilized to provide
switching diagram of IGBTs in the inverter. In
Fig. 2a & Fig. 2b, transfer functions of sim-
plified current control systems are given by Egs.
(15)-(16):

1 1
CL(s)  Boa (1 + Tms> oot R,
L) 1+ K, (1 n *qus) -
(15)
1 1
Ly(s)  Kpa (1 + Ti,ds> ListR,
Ii(s) ! :
i8) 14+ K,4 (1 n T‘ds) .
(16)

Utilizing the ZPE method, the current con-
trollers are designed as follows [11]:

Ga(s) =

L
T,,=-=2 17
sq Rs ( )
L
Tia= Rii (18)
Ky,q= 27rfquq (19)
Ky q=2mfqala (20)
fs
qu = E (21)

where fs- switching frequency of the inverter,
fqa - bandwidth of I, and I currents control
loops. The transfer functions are converted into
Egs. (22)-(23):

1
Gq(s) = m (22)
Ga(s) = ! (23)

(27 faa) P54+ 1

Next, in order to design speed controller, two
methods ZPE and SMC are presented.
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Fig. 3: Simplified motor speed control system.
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For the ZPE method, motor speed control sys-
tem is simplified as shown in Fig. 3, and its
transfer function is given by:

Ky (75 ) gt

Wi (8)

Gu(s) =

k¢

(24)
where I, ,, & T} ., - proportional gain & integral
constant times of the speed controller, and
b Kr 1In
T2 V2In

where Ty - rated torque, Iy - rated current, Ko
- torque constant. The ZPE method is applied
for the simplified motor speed control system as
follows [11]:

(25)

Im
Tiw = B, (26)
Ky, = 27 foo Ik (27)
fs
w f— 2
f 100 (28)

where f,, - bandwidth of speed control loop. The
transfer function of the speed control system is
converted into Eq. (29) thanks to Eqs. (26)-
(27):

1

O

(29)

For the SMC method, switching function S
and its time derivative are defined as follows [25]:

/ €. dt)
€w
Ti,sw

where K, 5, & K; s, - proportional gain & in-
tegral constant time of the switching function,
and

S = Kp sw (ew + (30)

1,SW

S =Ky (ew + (31)

(32)

€w = Wm,ref — Wm

Lyapunov function Ly and its time derivative
are chosen as follows:

SZ
Ly="% (33)
Ly=SS (34)
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wmref(8) 14K, ., <1+ﬁ) Trot B

In order to obtain the stability of the motor
speed control system, the time derivative of the
switching function is selected as follows:

S = _ks,stign(S) (35)

where k; ¢, >0. With assumption of wy, ref =
const, substitute Eq. (6) into Eq. (31) to obtain
Eq. (36):

- T +Bm m_Te
S:prsw< L J“’ +
m

Cw

Tz’,sw> (36)

The motor torque is derived by substituting
the time derivative of the switching function in

Eq. (35) into Eq. (36):
+ =
Ti,sw

(37)

ks swsign(S)
Kp,sw

Te = TL + Bm,wm + Jm, (

Output of speed controller is derived by ap-
proximating reference torque as motor torque:

(38)

T+ Buwm + I (k}?gf %) 4 Tf‘jw>
o :
q Kr

(39)

Load torque is considered noise because of its
inaccurate information. The control output and
reference torque is approximated as follows:

B + I (Bt | e

) (40)

K, T;
I = p,sw i sw
q KT
ks swsign(S) o )
Te*:Bme"‘Jm( : +
Kp,sw Ti,sw
(41)

Approximate motor torque in Eq. (36) by ref-
erence torque in (40) and convert Eq. (36) to
obtain Eq. (41):

17

S = Kp,swi -

Jm ks,stign(S)

(42)

In order to guarantee the stability of the mo-
tor speed control system, the ks s, is selected as
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follows:

Kpswie+e,  if $>0
unchanged, if =0
—Kpswre +e, if S<0

(43)

ks,sw =

where w > 0. Load torque in Eq. (43) is esti-
mated thanks to Eq. (6):

dw,

J m- 3,
dt

TL,est = Te,est — Bpnwm — (44)
where T, st - estimated motor torque is given

by Eq. (45):

3
Te,est = §np(I)MIq (45)
3. Simulations

The PMSM parameters utilized in simulations
are shown in Table 1 Simulations for ZPE
and SMC method are presented at wp, ref
= (10rpm, 100rpm, 1000rpm), load torque is
activated at 1 second time with T, =
(0.17%,0.5Tn,0.9Ty). Switching frequency of
the SVPWM is 20kHz. Limitations of outputs
of current controllers and speed controller, are
respectively +255V, +21.1A. Motor speed

Tab. 1: Parameters of PMSM [26].

Quantity Symbol | Value
rated torque Txn 12.5 Nm
rated current Iy 14.9 A
rated voltage Un 180 V
rated power Py 3.9 kW
magnetic flux of the | @y 0.185 Wb
permanent magnet

moment of inertia Im 0.0755 kgm?2
rotational damping B, 10-3Nm.s
constant

rated speed ny 3000 rpm
number of pole pairs | n, 3

stator resistance R, 0.3 W
g-axis inductance L, 8.5 mH
d-axis inductance Ly 8.5 mH

responses are shown in Figs. 4-12. Table 2 in-
dicates that the SMC brings almost zero over-
shoot in duration 0.0s-1.0s, while the ZPE pro-
vides small overshoot and the value gets bigger
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Fig. 4: Simplified motor speed control system.
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Fig. 5: Simplified motor speed control system.
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Fig. 6: Motor speeds at w,..y = 10rpm, T, = 0.9Ty.

as reference speed increases. Undershoot in du-
ration 1.0s-2.0s for the ZPE method is insignifi-
cantly larger than the one for the SMC method
(see Table 3), and it is greater under higher load
and reference speed. Especially, steady-state er-
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Fig. 7: Motor speeds at w;.cy = 100rpm, T, = 0.1Ty.
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Fig. 9: Motor speeds at w;..y = 100rpm, T, = 0.9T.

ror for the SMC is 15.2-25.4 times lower than
the one for the ZPE (see Table 4). Reason for
this is the ZPE owns long integral constant time

T;. due to small rotational damping constant
B,,. On the other hand, the SMC possesses high
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Fig. 12: Motor speeds at wycy = 1000rpm, 77, = 0.9Ty .

robustness-to-load-activation which is expressed
in a smaller value Iy ;mqz,qct than the ZPE, where
1y maw,act - peak value of torque-current compo-
nent I, after load activation by Ty, = 0.9Tx (see
Figs. 13-15 and Table 5).
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Tab. 2: Overshoot [%] in duration 0.0s-1.0s.

220
:]' 0 ...]: Method ’U}Tef: ’U}Tef: wref:
= 0 10 100 1000
- . i 4 ZPE 5.88 0.56 0.04
0 0.5 1 1.5 2 SMC 0 0 0
2 20
= r = Tab. 3: Undershoot [%] in duration 1.0s-2.0s.
— 0 —e]
q
= 2 l, Wyey T, | ZPE [ SMC
0 05 1 15 p) 10rpm 0.17n | 0.29 0.21
Time [s] 0.5Tn | 1.8 1.79
0.9TN | 4.66 4.66
Fig. 13: Torque-component current I at wper = 100rpm 0.17Tx | 0.029 0.021
10rpm, Ty, = 0.9 0.5Ty | 0.184 | 0.18
0.9Tx | 0.474 0.47
1000rpm | 0.17x | 0.0032 | 0.0023
o 0 0.57 | 0.0215 | 0.0212
& “ = 0.9Ty | 0.0572 [ 0.057
= 0 ! -
—=20/ —Iq Tab. 4: Steady-state error [%].
0 0.5 1 L5 2
Wref Ty ZPE SMC
;2) 201) ; 10rpm 0.17T | 0.26 0.017
L i o 0.5TN | 1.32 0.069
< l“ 0.9TN | 2.37 0.12
~=-20 "~ 100rpm | 0.1Ty | 0.027 | 0.0014
0

0.5 I 15 2
Tizms s 0.5Ty | 0.132 | 0.0059
0.9Tx | 0.237 0.0112
Fig. 14: Torque-component current I; at wpey = 1000rpm | 0.17 | 0.0028 | 0.00011
100rpm, 77, = 0.9T . 0.5T | 0.0135 | 0.00069
0.97x | 0.0239 | 0.00123

Tab. 5: Peak value Iy, maz,act [A] after activation by T,

@ 20 ‘ ] = 0.9T.
N v
g 0 =l Method | Wyep= | Wrep= Wye f=
—-20 -1 10rpm | 100rpm | 1000rpm
0 0.5 1 1.5 2 ZPE 22.05 | 22.12 21.89
SMC 18.49 | 18.37 19.12
E) 20r—'—-'——! l[ :
—~ 0 ——— =l .
< 4. Conclusions
— q
0 0.5 I 15 2
Time [s] The ZPE and the SMC speed controllers in
the drive structure utilizing SVPWM-FOC for
Fig. 15: Torque-component current I, at w,.y = PMSM of a simplified electric vehicle were pre-

1000rpm, T, = 0.9TN. sented. Simulations and evaluations were car-

ried out at different reference speeds and wide
load torque range. The design of the SMC speed
controller ensures the Lyapunov stability of the
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PMSM drive, resulting in high robustness-to-
load-activation. The SMC decreases the steady-
state error by 93% at least compared to the
ZPE for evaluated cases. It also gives almost
zero overshoot at starting and its response is
more robust under load activation than the ZPE.
Super-twisting or high-order SMC methods or
disturbance observers can be employed to extend
the robustness of the speed controller. In order
to reduce chattering phenomena, a low-pass fil-
ter and a modified integral sliding variable can
be utilized [27]. In order to expand operating
speed range higher than the rated speed, flux-
weakening strategy using vector current control
based on regulating modulus of applied voltage
can be integrated into the drive structure with
the proposed SMC [28].
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