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Performance evaluation and analysis by simulation for sliding mode control
with speed regulation of permanent magnet synchronous motor drives in electric vehicles

Introduction. This study introduces a sliding mode control (SMC) that utilizes multivariable system command estimation (MSCE-
SMC) to create an innovative speed control system for the permanent magnet synchronous motor (PMSM). The motor operates
through a 3-phase voltage source inverter when used in an electric vehicle (EV) model, with the goal of achieving fast speed
regulation and high performance. Problem. The primary challenge is to achieve fast and accurate speed regulation for PMSMs
while maintaining high performance, despite varying system parameters and external disturbances. The goal is to design a robust
and adaptive speed control system for PMSMs using the SMC approach, which ensures precise speed tracking and high-performance
regulation. Scientific novelty. The integration of MSCE-SMC approach, offering an innovative solution for speed control in PMSMs
used in EVs. Methodology. SMC approach for the PMSM divides the system into 2 subsystems: electrical and speed. A d-q
coordinate frame is used to model the PMSM, and its control strategy is outlined. A detailed model of the PMSM with SMC is
presented after an in-depth review of the theoretical concepts and principles of sliding mode control. Results. To validate the
proposed approach, MATLAB/Simulink is conducted, demonstrating the effectiveness and robustness of the method in PMSM speed
regulation. The results confirm that the proposed method provides straightforward and precise control, accurate speed tracking, and
high-performance regulation. It also shows adaptability to parameter variations and external disturbances. Practical value. The
practical value of the proposed method is significant, as it provides a reliable and efficient control system for PMSMs. It offers
precise speed control, robust performance under variable conditions, and high adaptability to external disturbances, making it
suitable for real-world EV applications. References 22, table 1, figures 18.
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Bemyn. 'V oocnioscenni posensioacmuca kepyéana koe3uum pexcumom (SMC), wo suxopucmosye bazamonapamempuiny OyiHky
cucmemuux xomano (MSCE-SMC) o0aa cmeopenHa iHHOBAYIUHOI cucmeMu Kepy8aHHs WIBUOKICIIO CUHXPOHHO20 OBUSYHA 3
nocmiunumu  maewimamu (PMSM). [leueyn npaytoe uepe3 mpugasnuil ingepmop Hanpyeu npu GUKOPUCMAHHL 6 MOoOei
enexkmpomobina (EV) 3 memoio docsaenenns weuokozo pe2ynto8anus weuoxocmi ma eucoxoi npooykmuernocmi. IIpoonema. Ocrnosne
3a60aHHA NOAA2AE 8 OOCACHEHHI WBUOK020 1 MOYH020 pecyntoganHa weuokocmi 011 PMSM npu 30epedscenni gucokoi
NPOOYKMUBHOCII, HE36ANCAIOYU HA NAPAMEMPU CUCMEMU, WO 3MIHIOIOMbCA, | 306HIuHT 30ypentss. Memoro € po3podka HaodiiHoi ma
aoanmugnoi cucmemu Kepysanusa weuoxicmio o PMSM 3 euxopucmanuam SMC nioxody, wo 3abesneuye moune i0CmediceHus
weuoxocmi ma ucokonpoodykmuegne pecynioganns. Haykoea noeusna. Inmecpayis nioxooy MSCE-SMC nponownye innosayitine
piwennss 0as ynpasninna weuoxicmio PMSM, wo euxopucmogyromsca ¢ EV. Memoodonozia. SMC nioxio onsn PMSM nooinse
cucmemy Ha 2 niocucmemu. elekKmpuyHy ma weuoxkicny. [ns mooenoganna PMSM euxopucmogyemuvca d-q cucmema xoopounam i
onucyemuvcsa cmpamezia ioco ynpasninua. Hagedeno ooknaony modens PMSM 3 SMC nicas nocnubneno2o ananizy meopemuuHux
KOHYenyii ma npuHyunie ynpaeninus @ Kog3nomy pesicumi. Pesynomamu. /{na nepegipku npononosano2o nioxo0y npogeoeHo aHaniz
y cepedosuwi MATLAB/Simulink, wo nokaszaeé egexmusnicmv ma HaoiliHicme Memooy pecynosants weuoxocmi PMSM.
Pesynomamu niomeepooicyioms, wo 3anpononoganuii memoo sabesneuye npocme i moune Kepy8amHs, KOPeKmHe Gi0CmedceHHs
wWeUOKoCcmi ma 6UCOKONPOOYKMUGHe pe2ynioeants. Bin maxooc demoncmpye adanmuenicmes 00 3MiH napamempie ma 3068HIUHIX
30ypens. Ilpakmuyna yinnicme 3anponoHo6ano2o memooy 3HAYHA, OCKIIbKU 6IH 3abe3neyyc HaOiliny ma eekmugny cucmemy
ynpasninna PMSM. Bin 3a6e3neuye moyune ynpagninusa weuoKicmro, HaoiliHy pooomy 6 3MIHHUX YMO8AX, i 6UCOKY a0anmueHicmy 00
308HIWMHIX 30YpeHb, Wo pobums 1020 npudamuum 0is 3acmocyéanns 6 peanvnux EV. biomn. 22, Tabmn. 1, puc. 18.
Kniouogi crnosa: CHHXPOHHWH [IBUTYH 3 WOCTIHHNMH MAarHiTaMH, KepyBaHHSI KOB3HHM pPeKHMOM,
pery/Il0BaHHs IIBUAKOCTI.

eJIEKTPOMOOiJIb,

Introduction. Electric vehicles (EVs) that use
electric motors are used to replace traditional gasoline
vehicles that use internal combustion engines in order to
reach the level of emissions of fossil fuels [1-4].
permanent magnet synchronous motor (PMSM) in recent
years have played an increasingly important role in many
industrial applications due to the advances in magnetic
materials, recent technological developments in power
electronics and control theories [5]. Due to their high
torque-power density, high efficiency and low
maintenance, PMSM-based drive is also becoming widely
used in EVs [6, 7]. There are various nonlinear command
methods have been proposed to improve the command
performance of PMSM, such as sliding mode control
(SMC), adaptive control, predictive control [8, 9],
intelligent control, etc. Field-oriented control based
conventional PI method is difficult to deal with loud
disturbances, variations parameters and cannot adapt to
the applications of high-precision control [10]. SMC has
attracted many researchers in recent years. High-
frequency switching devices and high-performance
microprocessors have contributed to the recent increase in
interest in this command method [11]. The effectiveness
of this solution is attributed to its distinct advantages,

including insensitivity to parameter variations, rapid
dynamic response and the ability to reject external
disturbances [12].

SMC is a particular mode of operation of systems
with variable structure [13]. The theory of these systems
was studied and developed in the USSR first by S.V.
Emelyanov, then by other collaborators such as V.I. Utkin
based on the work of the mathematician A.F. Filippov on
differential equations with discontinuous second member.
Then the work was taken up elsewhere: in the US by Prof.
Slotine, and in Japan by Prof. Young, Prof. Harishama
and Prof. Hashimoto. In SMC, the command switches
between two different values according to the sign of a
switching function (called switching or sliding surface)
defined in the state space of the system [14]. This is
introduced in order to obtain better stability, and high
precision than those generally obtained by classical
regulators [15, 16]. Several approaches exist for the
choice of the sliding surface. In this work, we are
interested in the study of an approach that considers a
nonlinear surface [17, 18], the synthesis of which is based
on Lyapunov stability theory. The strong robustness,
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simplicity and ease of implementation make it an ideal
choice for high performance by regularly adjusting the
system structure to combat parameter variations and
external disturbances [19, 20].

The goal of the article is to design a robust and
adaptive speed control system for PMSMs using the SMC
approach, which ensures precise speed tracking and high-
performance regulation. The proposed controller is
investigated and analyzed in different control speeds, load
conditions, and rotational speed direction.

Model of PMSM. The model of PMSM in d-g
frame is represented by equations: electrical, magnetic,

and electromagnetic. The stator voltages equations
expressed as [21]:
dey
Vy=Rlj;+—%*—-wgp,; 1
d a0 (1)
do
V,=RI, +d_tq+ op, ()

where Vy, Vi, @4 @, 14 1, are the direct and quadrature
axis of voltages, fluxes and currents respectively; R is the
stator resistance; @ is the mechanical angular speed.
The stator flux equations expressed [21]:
Pa =Lalg +Pms A3)
where L, L, are the direct and quadrature stator

inductances; @, is the constant permanent magnet flux.
The PMSM model equations in d-q axis expressed as:

dr
Vy=RI;+1L, d—td— ol,l,; 5)
dz,,
Vq:R1q+LqE+a)(Ld1d+¢m). (6)

The expression for electromagnetic torque 7, [21] is:
T, = P((Ly L) Lg +1,00) )

PMSM is assumed to surface mounted PMSM
(La= L, = L) the electromagnetic torque becomes:

T, =pl qPm > 3
where T, is the electromagnetic torque; p is the number of
pole pairs.

The expression of the mechanical equation [21] is:

d
J%+ foty =T, =T}, ©)

t
where J is the moment of inertia; 7} is the load torque;
f, is the viscous friction coefficient; @, is the rotor
mechanical speed of the PMSM.

SMC theory. Variable structure systems can be
controlled using SMC. Three different parts make up the
trajectory (Fig. 1): the convergence mode (CM), the
sliding mode (SM) and the permanent mode (PM) [22].

F

S(x,)=0

PM j CM
X

GM
Fig. 1 Different modes trajectory of the SMC

The choice of the surface. The design of SMC was
executed in 3 key phases [22]: selection of the surface,
conditions necessary for convergence, meaning of the
control law. The sliding surfaces choice is shaped by the
number and shape of required functions. The control
vector u# and surface vector have the same dimension
defined by:

i= A(x,t)x+B(x,t)u . (10)

The nonlinear form depends on the error in the

variable to be regulated, known as x:

S(x)= [%+/Ier_le(x), (11)

where e(x) is the difference between the variable to be
adjusted and its reference: e(x) = x — x; A, is the positive
constant; r is the relative degree and indicates the number
of times the surface needs to be differentiated to show
control.

The SMC objective is to maintain the surface at zero.
The only possible solution for this surface is e(x) = 0,
which a linear differential equation.

Convergence and existence conditions. Two
considerations to ensure convergence mode [22], the
discreet switching function (it is proposed and studied by
S.V. Emelyanov and V.I. Utkin):

S(x)>0 if S(x)<0;
. (12)
S(x)<0 if S(x)>o0.
This condition can be formulated in another way:
S(x)s(x)<o0. (13)
The Lyapunov function defines as follows:
V(x):%SZ(x). (14)
The derivative of this function is:
V(x)zS(x)S(x). (15)

Calculation of the control. The SMC structure
consists of the exact linearization (u.,) and the other

stabilizing (u,) [22]:
U= Uey T Uy (16)

In order to illustrate the previous development, we
will consider a system that is described in the state space
by (10). The aim is to establish the equivalent expression
for the control input u.

The derivative of the surface is:

§(x)=25 98 &
ot ox ot
Replacing (10) and (16) in (17), we find:

. oS oS
S(x):g(/l(x,tﬁ B(x,t)ueq )+§B(x,t)un. (18)
Equivalent command’s expression:

-1
oS oS
Meq z—(a—xB(x,t)] a—xA(X,t)

For the equivalent control to take a finite value, it is

(17

(19)

necessary that Z—SB(x,t) #0.
x

Substituting the equivalent control with its
expression from (18) in convergence mode we obtain:

S(x,t):g_ig(x,t)un. 20)
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Attractiveness condition expressed by (13) becomes:
@2n

In order to satisfy this condition, the sign of a must

oS
S(x,t)aB(x,t)ueq .

be opposite to that of S(x,t)Z—SB(x,t) .
x

The simplest form that discrete control (Fig. 2):

u,=K- sign(S (x,t)) , (22)

where the sign K must be different from that §B(x, 7).
X

H
&

K

S (0

-K
Fig. 2. Representation of discontinuous control

Application the SMC for the speed command of
PMSM drive EV. The model of the PMSM, whose state
variables are the stator currents and the mechanical speed [21]:

L
dl—d:—ild'f—a)—qlq-l-LVd;
df R L 1
el 0y gty (23)
dr L, L, L, L,
dw, 1 1 b2
—A = I, ——T; - w,,.
dr Jpq)m q 7 L J m

The diagram of the SMC for the PMSM drive in an
EV (Fig. 3) includes 3 surfaces.

Speed Control Id and Iq Control Vdc DC-Link
‘ Voltage
-

Vi
- w Inverter
w M U rel | 2
i by 2|
3 ls ) - <
L | ==-=1 ¢k Va[ Wyl Vo
_l‘ Tran.
=1 It
[P LT
I i
PMSM

Measure|
Wm

w

_ [Calcul of
w

Fig. 3. Diagram of SMC for PMSM drive an EV

Speed control surface ®,. Speed control surface
has the form:

S(@n)= @~ @y, (24)
The derivative of the surface is:
S(ay,) = oy — oy - (25)

The equation (25) becomes:
. |1 1 A
S(a}m)zwm_|:7p¢m[q_7TL_7vwm:|‘ (26)
By replacing the current /, with the control current
1, = 14eq + I, equation (26) can be written as:

: L * 1 1 1 1
S(a)m):a)m _|:7p¢’m1qeq +7P(/’m1qn_7TL _7va)m:| (27)

We have S(@,,) = 0 and consequently S‘(a)m ) =0 and
1,, =0, the equivalent order /.,
Lyeq = L{iwm +lTL} .
PPl J J
The condition S(w,, )S(@,,)<0 must be checked.
Substituting (28) in (27), we find:

(28)

. 1

S(@n) =G == POulyn - (29)
By choosing the discontinuous control form (Fig. 2),

we therefore pose:

1., =K ,sign(S(e,,)). (30)
Current quadrature control surface /,. Current

quadrature control surface has the form:
*

slt,)=1,-1,. 31)
The derivative of this surface is:
Sl )=17-1,. (32)

Taking into account the expression of / g4 given by

the system (23), the equation (32) becomes:

q LCI Lq q

By replacing the voltage V, with the control voltage
Ve = Vyeq + Vyn, we find:

sl, )=1; —[—L—Iq —0=d, ——¢m+L—V4 .(33)

- % R Ld w 1 1
S(Iq)zlq _|:_qu _wfld _L¢m+Lquq+Lan:| (4
q q q q q

We have S(/,) = 0 and consequently S'(I q): 0 and

Van = 0, the equivalent order V.,
quq :R1q+a)Ld1d + 0P, . (35)
The condition S (1 q )S(I q)< 0 must be checked.

Substituting (35) in (34), we find:

$(r,)= LLV‘I” . (36)
q
We therefore pose:
Vw = Ksign(s(z, ). 37)

Current direct control surface /,. Current direct
control surface has the form:

%

S(ty)=15-14. (38)
The derivative of this surface is:

S(1,)=1;-1,. (39)

Taking into account the expression of / 4 given by
the system (23), the equation (39) becomes:
. " R L 1
S(Ig)=1y~|-—1I;+o—L1,+—V,;|. (40
(d)d{de qude}()
By replacing the V; with V;= Ve, + Vi, we find:

. . R L, 1 1
Sy)=1,-|-——I1;,+o0—+—1,+—V,,,+—V,, |. (41
(d) d |: Ly d Ly q Ly deq Ly dn:| 41)
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We have S(Z;) = 0 and consequently S(l d): 0 and
Van = 0, from which we derive the equivalent order V,:
Va’eq = RIa' + CUL I (42)
The condition S(I, )S (I;)<0 must be checked.
Substituting (42) in (41), we find:

: 1
S(a)=—Vau - (43)
Lq
We therefore pose:
Van = Kasign(S(1)). (44)

Simulation results of speed regulation of PMSM-
SMC. SMC for PMSM powered voltage source inverter for
a model EV has been implemented in MATLAB/Simulink.
A constant reference flux (@, = 0.12 Wb) is used to
conduct the simulations. In this set of simulation, a load
variation is added when the PMSM is under the speed
regulation, and the operating speed is 157 rad/s. PMSM is
considered in the simulation and parameters as given in
Table 1.

Table 1
PMSM parameters

Parameters Values
Rated power 1.5 kW
Frequency 50 Hz
Rotor speed 1500 rpm / 157 rad/s
Stator resistance 0.18Q
Inductance d axis 2.1 mH
Inductance ¢ axis 4.2 mH
Moment of inertia 0.0066 kg-m*
Viscous friction coefficient| 0.0014 N-s/rad
Constant rotor flux linkage 0.12 Wb
Number of pole pairs 2

Simulation for successive step changes in reference
speed under full load conditions (Fig. 4-8). We involve
sequential step change in control speed under full load
conditions. The PMSM is initially started at 83.5 rad/s step
control speed. At + = 1 s, a step-up change occurs,
increasing the control speed from 83.5 rad/s to 104.5 rad/s.
Finally, at # =2 s, another change the command speed from
104.5 rad/s to 157 rad/s.

w, rad/s ! !
1500 —------ it i 1
1 |
100 ------- l s :
sof =,
| |- Dref
0 2 ts 3

Fig. 5. Electromagnetic torque and load torque

40

30

20

10} ------- — 1,

|
wer |
O 1
0 1 2 3
Fig. 6. Quadrature ax1s component stator current
\
|
|

Fig. 7. Direct axis component stator current
4

i

40—

Fig. 8. 3-phase stator currents

[\
(=

ts\

Simulation for reference speed fix and step change
of load (Fig. 9-13). In this part, the PMSM is under speed
control 157 rad/s with a load variation at # = 1 s, the load
torque changes from 10 N-m to 5 N'm and at ¢ = 2 s another
change the load torque changes from 5N-mto 10 N-m.
w,rad/s |

150F

100

50-------

Fig. 10. Electromagnetic torque and load torque

40

30

20

10

0 : 3 - Iqref
0 1 2 t,s 3

Fig. 11. Quadrature axis component stator current
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Fig. 12. Direct axis component stator current
[,JA \
200 --—-—--"-"-"""-"-""-"-"-"---

| V} WMWM‘WMMM |

1 1.5 2

Fig. 13. 3-phase stator currents

=)

Simulation for reference speed and inverse speed
and under full load (Fig. 14-18). We apply a full load
start of PMSM (7, = 10 N-m) until at ¢ = 1 s. The speed
reference is equal to the synchronism speed 157 rad/s
until # = 1.5 s, then the direction of rotation is reversed at
a speed — 1570rad/s

200 (@, rad/s

100

0

-100

-20()0 1 >

3
Fig. 14. Reference speed and PMSM speed

1 2

0 1 2 ,s 3
Fig. 16. Quadrature axis component stator current
15

0 1 2 3
Fig. 17. Direct axis component stator current

N3 12 15 16 17 o5
Fig. 18. 3-phase stator currents

Discussions of results. In Fig. 4, 9, 14, the speed of
PMSM obtained with SMC the speed appears to be
consistent, with the real speed closely mirroring the
command speed. The system responds efficiently to
changes in command speed and exhibits a smooth rise
time from 104.5 rad/s to 157 rad/s. Analyzing the
difference between command and real speeds at each
stage is crucial to gain insight into the system’s
performance and potential limitations. In these cases, the
rise time indicates how responsive the system is, and
shorter rise times generally mean better control dynamics
and faster adaptation to command input changes and
settling time is satisfying in tree case seamlessly traced
the speed reference without exceeding; in Fig. 9 rotation
speed equal to rotation speed 157 rad/s seamlessly traced
the speed reference without exceeding; in Fig. 14 with a
positive speed command of 157 rad/s, speed response
with the SMC neatly settled at the reference. Sudden
reference speed reversal from 157 rad/s to —157 rad/s
leading to change in speed orientation for the 2 models at
—157 rad/s, the SMC seamlessly traced the speed
reference without exceeding.

The load torque and electromagnetic torque are
matched in Fig. 5, 10, 15 by SMC. The electromagnetic
torque is kept constant during the speed build-up phase to
ensure acceleration. The electromagnetic torque will
decrease to 5 N-m once the rotor speed matches the
reference speed. This equilibrium is achieved faster in the
SMC model due to the absence of speed overshoot. The
electromagnetic torque closely tracks the load torque,
except during brief intervals when the speed increases
(Fig. 5) or reverses (Fig. 15). These deviations are
minimal and occur over very short periods.

In Fig. 6, 11, 16, the quadrature component of the
stator current are compared with the quadrature
component current reference; is in direct proportion to
electromagnetic torque 7.

In Fig. 7, 12, 17, the direct component of the stator
current is compared with the direct component current
reference is met at zero.

In Fig. 8, 13, 18 the stator 3-phase currents (abc) are
shown. When as the PMSM speed rises, the frequency of
the current waveform also increases (Fig. 8) and when the
load torque decreases from its nominal value (5 N-m) to 3
N-m of the current waveform also decreases (Fig. 15).

Conclusions. This paper describes the creation and
execution of speed controllers that use SMC-based
technology in a SMC drive structure for a PMSM in an
EV drive. The SMC algorithm’s speed control loop uses a
sliding mode controller based on surface dynamics
instead of the traditional PI controller in the outer control
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loop. Applied MATLAB/Simulink software was utilized
to conduct simulation analyses and evaluations to assess
the performance and effectiveness of the SMC for
PMSM. The proposed system’s dynamic response was
tested under different reference speeds, load conditions,
and reverse speed scenarios.

The simulation results show that the SMC can
perform dynamically quickly and accurately, without any
overshoot, minimal steady-state error, and a short rise
time, which is superior for PMSM speed control
applications. SMC is characterized by its significant
torque ripple, which remains a major concern.
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