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Abstract: To improve the dynamic and steady-state performance of permanent magnet syn-
chronous motors (PMSM), this paper proposes a real-time demanded current observation
based sliding mode control strategy. Firstly, based on the mechanism between motor speed
and current, a real-time demanded current observer is proposed, which can obtain the
demanded current based on the motor speed. Secondly, the demanded current is directly
used to calibrate the g-axis current reference in real-time, which can update the current ref-
erence value faster than the sliding mode controller. Due to the real-time demanded current
feedforward, the anti-interference performance of the PMSM under the proposed control is
improved effectively. Compared with the conventional sliding mode control, the proposed
control has a better dynamic and steady-state performance. Finally, the effectiveness of the
proposed control has been verified through simulation and experiments.

Keywords: PMSM; sliding mode control; current feedforward; dynamic performance

1. Introduction

With the global new energy program being vigorously implemented, the application
scope of motors has been expanding continuously. Permanent magnet synchronous motors
(PMSM), owing to their remarkable features such as high efficiency, compact size, and
a host of other advantages, have found extensive applications in rail transit, industrial
transmission, and energy vehicles (EVs) [1]. The control technology of PMSM serves as
the core element to ensure their efficient and stable operation. Nevertheless, the PMSM is
an intrinsically nonlinear complex system [2]. Each equation within the system exhibits a
pronounced coupling phenomenon, and parameters are subject to change under certain
conditions, such as in the presence of current coupling and load interference. When
conventional PI control is employed, the required control output tends to fluctuate within
a specific range [3]. Moreover, due to the strong dependence of the PI control method
on the accuracy of the system model, it is highly sensitive to uncertain interferences and
parameters. This sensitivity may have a negative impact on the expected output, thereby
causing issues in the control system [4]. Consequently, to surmount the limitations of
conventional PI control, it is imperative to develop advanced nonlinear control strategies
and apply them to PMSM speed control systems. Examples of such strategies include active
disturbance rejection control [5], model predictive control [6,7], fuzzy control [8,9], adaptive
control [10,11], neural network control [12], and sliding mode control (SMC) [13,14]. These
methods enhance the performance of the PMSM control system from diverse perspectives.
Among them, SMC has emerged as a focal point of research due to its high precision
control capabilities, robust nature, and relatively straightforward control algorithm [15].
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In conventional SMC, the constant law has limitations in rapidly converging systematic
errors. To overcome this issue, Hu et al. [16] incorporated a state variable into the constant
law to improve the system’s response. Nevertheless, this conventional SMRL still struggles
to effectively balance response speed and jitter. In [17], a reaching Law (ATSMRL) was
proposed and applied to SMC, ATSMRL has the ability to reduce the computational
complexity of control, enable flexible acceleration of convergence, and enhance system
stability. In [18], an enhanced SMC was devised based on a new SMRL, integrating system
variables, bounded exponential function, and switching gain; this method can expedite
the system’s response and alleviate jitter. When the motor suffers from load disturbances,
the load will influence the performance of SMC, making it difficult to effectively eliminate
the impact of the disturbance. Research has indicated that the utilization of observers can
reduce the impact of load disturbances. In [19], on the foundation of the constant law, NCRL
was designed by integrating exponential function and piecewise function, it was proven
that the initial state of the system does not affect the convergence speed, subsequently, an
optimized observer was designed taking into account external load disturbances. This
approach can accelerate the response while reducing output jitter and enhancing the anti-
interference ability. In [20], a new reaching law (NRL) was designed by introducing system
variables and switching gain terms into the exponential reaching law. The SMC design
based on NRL can improve the system’s convergence speed. Since large switching gains
can lead to jitter, an observer (ESMDO) was designed, ESMDO conducts feedforward
compensation on SMC, thus improving system robustness and reducing jitter. In [21], ESO
was designed based on current coupling and external interference, and combined with
SMC, which not only achieved current decoupling but also improved the robustness of the
system. In addition, research on composite control that combines multiple methods has
also been carried out. In [22], SMC was developed through the utilization of an optimized
neural network algorithm, and this approach is capable of enhancing the control accuracy
via the optimization of control parameters.

In an attempt to enhance the dynamic and steady-state performance of SMC, this
paper proposes a sliding mode control motor speed based on real time demand current
observation. The main work is summarized as follows;

(1) Designed a SMC based on exponential reaching law.

(2) A real-time demand current observer was designed to observe g-axis current distur-
bances and compensate for g-axis current, and combined with SMC, called SMC-ESO.
This not only improves the performance of SMC but also demonstrates some of its
characteristics.

(3) Experiments have been conducted under various disturbance conditions, all of which
indicate that SMC-ESO has better control performance.

2. Mathematical Modeling of PMSM

The mathematical model of PMSM within the rotating coordinate system is presented

as follows: i . R
o L Rsp LW
TR A PR AL M)
dig 1 Rs., w

The mechanical equations of motion are as follows:

dv _p,. P, Bw
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For surface-mounted PMSM, there is L; = L; = L, so there is an electromagnetic torque
equation as follows:

3 . . 3 .
Te = EP[‘/Jflq + (La — Lq)igia] = > P¥ilas (4)

where U, and Uy represent stator d and g-axis voltages, respectively; iy and i, are stator d
and g-axis currents, respectively; R; is stator resistance; L; and L, stand for stator d and
g-axis inductances, respectively; w is motor speed; iy is the permanent magnet chain; ¢
and ¢, are stator d and g-axis chains, respectively; T, is the electromagnetic torque; p is the
number of pole pairs; | is the rotational moment of inertia; Tt is the load torque; d is the
differential operator; B is the damping coefficient.

3. Design of Speed Controller
3.1. Design of Sliding Mode Controller
SMC is a variable structure control that is different from PI and is actually a nonlinear
control. A motor control system is used to design the SMC.
Designing sliding mode control requires two steps. Firstly, the system slip mold
surface is designed as follows:
s =cx1+ x2, (5)

where ¢ is a constant.

Second, the design of the reaching law. The exponential reaching law can effectively
reduce sliding mode jitter, and the output calculation is relatively simple and intuitive. It
adopts the following form [19]:

s = —esgn(s) — ks, (6)

where s denotes the deviation between the estimated value and the actual value, sgn () is a
sign function esgn() represents a constant value reaching term, ks represents an exponential
reaching term, both € and k are constants with values greater than zero.

The system state equation of the PMSM is taken as:

X1 =w"—w
{ ., )
Xy = X1 = —W

where w—the reference speed,
w*—the actual speed.
Combining (7) and (9) gives,

{x1 =—w= —% (3p*¥¢iq — pT. — Bw) @

. . 3 2 . B 3 2 . B 7
Yo =~ = —Jp Vg + 5 = — 5 ¥eiq — 02

let A = 3p21/)f/2], D = —B/]. The state equation of the system can be formulated as follows:

()0 8) (5 )+ (%) o

The partial derivative of s yields the following result:

§ =¥ + %2 = (c+ D)xp — Alg. (10)
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For obtaining the control variable, the exponential reaching law in the reach-
ing law with restricted s form is chosen, the set of simultaneous equations, namely
Equations (6), (10) and (11) can be represented in the following form:

—esgn(s) —ks = (c+ D)xp — Ai'q, (11)
the expression for the control quantity i, is obtained from Equation (11) as follows:

iy = %/((c + D)xy + esgn(s) + ks)dt. (12)

The Lyapunov function is selected as V = 0.5 s2, according to the Lyapunov stability
theory, when s # 0, for the stability of SMC, the following conditions must be satisfied.

ss <0, (13)
from (6) and (13), the following can be obtained:

ss = s(—esgn(s) —ks), (14)

where € and k are constants greater than zero, ensuring that s is dissimilar to s and satisfies
the stability condition, proving that the system under convergence law smooth mode
control is stable.

The motion trajectory of SMC guidance system closely follows a predesigned sliding
surface. When the state trajectory of the variables essential to the system reaches this surface,
the system demonstrates remarkable robustness. The motion trajectory of SMC is shown
in Figure 1, the trajectory of the moving point within the system can be comprehensively
classified into two primary stages. In the initial stage, the system initiates an approaching
motion, starting from its current state, it gradually converges towards the predesigned
surface. This approaching motion is crucial as it sets the stage for the subsequent behavior
of the system. In the second stage, once the system has reached the predesigned surface, it
engages in a reciprocating motion, the motion trajectory begins to closely align with the
surface defined by s = 0. At this stage, the movement is characterized by high frequency
oscillations accompanied by small amplitude jitter.

;
$>0
< »€
<o b \(e(o) 0)
$=0

Figure 1. Motion trajectory of SMC.

3.2. Design of Extended State Observer

The extended state observer (ESO) serves as the core component of ADRC. It has
the ability to observe the essential state variables and their derivatives, and can estimate
system disturbances and implement corresponding compensation measures. In the theory
of ADRC, the state error feedback control law (SEF) is employed to integrate the system
state information with the observation output of ESO. Eventually, through the combination
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with disturbance compensation, a new control quantity for the system is formed. This
integrated approach effectively enhances the system’s ability to handle uncertainties and
disturbances, thereby improving the overall control performance. ESO and SEF can be
expressed as follows:

The models of ESO and SEF are Equations (15) and (16), respectively:

e=z1—Y
Z1 =2y — ﬁlfal(e, a, (S) + bou(t) , (15)
22 = —/Bzfal(e,rx,é)

u(t) = ug(t) —za/bo. (16)

In the above ESO and SEF expressions, e is the error, y is the output signal of the
controlled object, z1, z, are the state variables of ESO, of which z; serves as the tracking
signal for the output signal y, and z; is the observation of the total disturbance, « is the
tracking factor; J is the filtering factor, f; and B, are the ESO output error correction gains,
by is the compensation factor, which is used for the compensation of the external and
internal disturbance, uj is the signal before compensation, f;; is the optimal control function,
and the f;; function is essentially the compensation of “large error, small gain; small error,
large gain” [22]. The expression for f; is as follows:

e|* e),le|> o
fal(e,lX,5):{ | \esgn( ), le|>

, 17
e e’<(5 (17)

in this equation, sgn is the sign function.

In order to control the motor’s given speed more accurately, ESO is designed for
closed-loop control of the speed. According to (4) and (5), the motor speed output state
equations are obtained as follows:

dw _ 3p*ys

it 2] lq_TTL_TI (18)
where (pT], + Bw)/] is the system disturbance quantity, and let it be z,, the disturbance
observation current can be obtained as follows:

fq = Zz/bo. (19)

Designing the ESO, taking the actual output current iy as the control quantity u(t),
and making the output current of SMC be iq*, the ESO expression can be introduced by
combining (16) and (17) as:

e=z1—w
bofq = _,BZfal(er 0(,5)

z1 is the tracking signal of the actual motor speed w.
From (16), (17) and (19), by = 3p21pf/ 2], up = iq*, the g-axis input reference current iy, is
derived in the following manner:

~

igref = 1 — 1. (21)

The structure of ESO is shown in Figure 2:
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Figure 2. Structural diagram of ESO.

4. Simulation and Experimental Analysis
4.1. Analysis of Simulation

by By | Us || Ubo ||

To validate the aforementioned control method, the vector control model of PMSM
depicted in Figure 3 was initially constructed in Simulink 1.0. This model encompasses

components such as the vector system, ESO, SMC, the motor under control, and others. In

this model, the inner loop current is regulated by PID control. Simulation is carried out,

and comparisons are made with conventional SMC and PID. The parameters of PMSM

employed in the simulation are shown in Table 1. The selection of the sliding surface

parameters and convergence speed parameters follows the values defined by the motor

parameter design. Additionally, the parameters of ESO are mainly derived from the motor

speed output state equation and ADRC. This overall configuration allows for a systematic

assessment of the performance and effectiveness of the proposed control method in the

simulated PMSM control scenario.

Uge
Park™ i
Ug Uy
P 9
Control {Us,| o ) SVPWM =
0 A
y i iy
W e ab Ty
i «
ap e e
Park Clark |
Angle & V2N
Speed @,
Calculation
Figure 3. Overall block diagram of the control system.
Table 1. Parameters of the simulated motor.
Parameter Value
Stator phase resistance (R;) 2.875 Q)
Inductance (L) 85 x 103 H
Inductance (L) 85x10°H
Flux linkage (') 0.175 Wb
Inertia (J) 1.6 x 1073 kg-m?
Pole pairs (p) 4
Viscous friction coefficient (B) 3 x 107* N-m-s/rad

In order to further analyze the effect of the five parameters in the ESO on the PMSM

speed, the five parameters will be changed sequentially to observe the motor speed.

As shown in Figure 4, the value of o is generally taken as 0 < « < 1. The simulation

shows that when « is larger than 1, the motor output is very poor and has deviated from
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the original state, and a smaller « causes the regulation time for the motor to reach the
reference speed to grow and increase the steady state error [23].

630 610
...... = =

0 D) g g _______ e .
0 . £600 €600 pem B

1 =099 g g
01 =13 & &

N ref [
0 570 ' 590
0 0.05 01 0.005 0.03 0.09 0.1
Time(s) Time(s) Time(s)
(a) (b) ()

Figure 4. Simulation results of startup response under different «. (a) Speed response of startup.
(b) Overshoot and adjustment time. (c) Steady-state error.

An appropriate filtering factor § can effectively filter and also affect the rate at which
the system reaches its true state, and because the filtering factor J is too high, from f;(e, «,
8)=e/6'7%, (e < J), error e will gradually converge from a large range, as shown in Figure 5.
When starting, with the increase in J, the speed will enter the deceleration stage in advance.
The steady-state error is also large, and the fluctuation range is large. Therefore, when ¢ is
too large, it may affect the system’s instability, especially when dealing with high-frequency
interference. It may introduce more noise, resulting in an increase in the error of motor
output. Therefore, the filter factor cannot easily take too large a value.

630 - 602
‘ = N =
ete = 1 \ =
] ----PID S Y R = P N R L
; —— v R — e L B 600 e s T s
s - 5:1 E ,l \ ) E W\NVW\N
I,’ —— 8=100 & / l’ ‘\/’ & ’VWWV\/W\MN
| a1 570 | 508
0 0.05 0.1 0.005 0.03 0.09 0.1
Time(s) Time(s) Time(s)
(a) (b) (c)

Figure 5. Simulation results of startup response under different J. (a) Speed response of startup.
(b) Overshoot and adjustment time. (c) Steady-state error.

As shown in Figures 6 and 7, as the values of parameters B; and B, increase, the
response time of the motor decreases, but at the same time the amount of overshooting
will occur and will oscillate to the point of instability, and if the values of B; and j;, are
too small, the error of the motor output will also increase. The parameters 1 and §; are
related to the sampling step size of the system [23].

630 610
........ = =
E £
———- PID e 3

- — /Sfll\fe?oo 5600 5600
—— $1=3000 2 g
/ —— :=30,000 @ @

"""" ref 570 L1/ 590

0 0.05 0.1 0.005 0.03 0.09 0.1
Time(s) Time(s) Time(s)
(a) (b) (o)

Figure 6. Simulation results of startup response under different 1. (a) Speed response of startup.
(b) Overshoot and adjustment time. (c) Steady-state error.
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Figure 7. Simulation results of startup response under different ;. (a) Speed response of startup.
(b) Overshoot and adjustment time. (c) Steady-state error.

The size of by is mainly determined by the system parameters, as shown in Figure 8, a

larger or smaller by will result in overshooting and oscillations.

630
=
£
———- PID 3
— — SMC £
=300 5600
——— $»=3000 ]
——— $,=30,000 &
"""" ref 570
0 0.05 0.1
Time(s)
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| — — sSMC 600
! be=5000 3
I, b,=10,000 8
1
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S fef 570
0 0.05 0.1
Time(s)
(a)

Time(s)

(b)

0.03

Speed(rad/min)
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D
o
o

o
o
o

0.09

0.1
Time(s)

()

Figure 8. Simulation results of startup response under different by. (a) Speed response of startup.
(b) Overshoot and adjustment time. (c) Steady-state error.

When selecting the appropriate parameters to observe the output current i,,,r wave-
form after adding the disturbance observer as shown in Figure 9, with 0 s start, 0.1 s to
give a certain load, it can be analyzed that the disturbance observer compensates for the
sliding mode output current i; . In the early stage of the response, compensating for the
negative current, the actual output reference current i, increases, which makes the motor
speed rise rapidly. In the late stage of the response, compensating for the positive current,
decreasing the output. In the late response period, the positive current is compensated and
the output reference current iy is reduced, so that the motor reaches a stable state quickly.
Moreover, the output current jitter is reduced after compensation, which further reduces

the steady state error when the motor is running stably. Compared to the conventional
SMC current igspc, the improved method has better current performance.

300

I(A)

Figure 9. Real-time demanded current observer.

?qsmc
—_ *
60 > N
— |q
45—\_,w_ — iqref
0.19 0.2
0 01 02
Time(s)
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When determining the simulation control parameters as shown in Table 2, the motor
is set to verify the control performance of the controller under different conditions. The
motor speed was compared under PI, SMC, and SMC-ESO.

Table 2. Parameters of controller.

Control Structure Control Parameters
c=50k=25
SMC d=-1e=30A=12,500
Speed Control
ESO a« =0.99 6 =0.01 by = 12,500
B1 = 3000 B, = 3000
K,,=2K;,=1
Pq q
Current Control PI Kpd —2Ky=1

The first experiment involves starting the motor to 600 rad /min under no-load condi-
tions and observing response of the motor, as shown in Figure 10.

800 :
— PID

700 —— SMC i
ol N — SMC-ESO

o

o
o
T

1

604 F—————

00 r 600 E e .

200 590505 0.06 |

Speed(rad/min)
w b~ 01 O
o
o

0 0.05 0.1
Time(s)

Figure 10. Simulation results of response of startup.
The second experiment was conducted under no-load conditions, with the range of

speed changes from 600 rad /min to 800 rad/min and from 800 rad/min to 600 rad/min.
The speed of the motor when the reference speed changes is shown in Figure 11.

900 | [—PD
— SMC
N T —— SMC-ESO
=800 A 1
£
o
o
\_5700 - 1
g
[92] 04 A_a
600 600 \/
596
500 7105 1.06
0.9 1 11 1.2
Time(s)

Figure 11. Simulation results of response of speed change.
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The third experiment was conducted under no-load conditions of 600 rad /min, with
the motor load rises from no-load to 5 NM and fall from 5 NM to no-load. The motor speed
and current were observed under load changes, as shown in Figure 12. The motor outputs
a phase current, as shown in Figure 13.

700 r '

—— PID
— SMC
. —— SMC-ESO
c
£
o)
£600 'fP o 'k
3
& 604
600 -
596
500 105 106
09 1 1.1 1.2
Time(s)

Figure 12. Simulation results of response of load change.

8 S « THD=1.7%
5 : i
e : ' THD=1.92%
s o
. Mad
g E i THD=1.93%
-8 N '
: 1.1
Time(s)

Figure 13. Simulation results of a-phase current with load.

Figures 10-12 show that the new control method has less chattering and faster response,
and more robustness under different operating conditions. Figure 13 shows that there is
less stator current impingement, faster response, and less harmonic content in steady state
when load torque is added.

4.2. Results of Experimental

In order to validate the methodology of this paper, the adopted open-source motor
rapid control simulation platform based on Rapid Control Prototyping (RCP) is shown
in Figure 14, in which the control model is built in MATLAB R2023a, and the necessary
operating information of the system is given in the upper computer via the StarSim. The
parameters of PMSM used are shown in Table 3.
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Speed[150rpm/div]

Speed[50rpm/div]

Figure 14. Experimental platform.

Table 3. Parameters of PMSM.

Parameters Value Parameters Value
Rated Power 6 KW Rated Speed 800 rpm
Rated Voltage 144 V Rated Torque 35 Nm
Rated Current 50 A Number of pole pairs 24

The experiments are conducted in accordance with the simulation methodology.

In the first experiments, under no-load conditions, the given speed is set to

600 rad /min, as illustrated in Figure 15.

600rpm

_—— SMC-ESO

600rpm  —— SMC

T
|
N -
|
I
. e e o
l
|
|
[
{ N o

Speed[150rpm/div]

600pm  —— PID.

 -}-

Speed[150rpm/div]

Orpm - - Startup Orpm - - Startup - --Startup
| ” 600rpm ; | > 600rpm | ~ 600rpm ;
Times[1s/div] Times[1s/div] Times[1s/div]

(a)

(b)

(c)

Figure 15. Experimental results of response of startup under different control strategies. (a) SMC-ESO.

(b) SMC. (c) PID.

In the second experiment, within the no-load scenario, the speed varies between
600 rad /min to 800 rad /min and then from 800 rad /min to 600 rad/min, as depicted in

: 'increase 200@ 'mlgecrease 200rpm :

- SMC

- 600rpm |

800rpm  —— PID.

Speed[50rpm/div]

= W 60()rpm

Figure 16.
T T T T T
~— SMC-ESO - | 800rpm
TURREEEEEREEE BE~Y SPPPRE R b 3
....... 2L 1
£ S :
gL HE
&| 600rpm | L
1 %) . I ———. .5 .
| increase 200mdeecrease 200rpm|

I ihcféaéé v2'00'r;')mv: déérease_ 200rpm|

Times[1s/div]

(a)

Times[1s/div]

(b)

Times[1s/div]

(c)

Figure 16. Experimental results of response of speed change under different control strategies.

(a) SMC-ESO. (b) SMC. (c) PID.
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In the third experiment, commencing from a base speed of 600 rad /min, the motor
load increases from no-load to 5 N-m and subsequently decreases from 5 N-m back to
no-load, as shown in Figure 17.

' | © __ SMCESO ' '1 ' - sMC ' ‘l ' + PID
E‘ i : : S‘ i | : E i | |
3 | I E L I I g L : :
|

§ 600rpm | = | £ eoorpm | = £ eoopm | - “L
2 = S = —
2 | ] gl 3 o = T
D | | D | D
&L | -load increase . | load decrease | & | 1. load increase .| load decrease &L - load increase. .|. .load decrease. |

! SNm | 5Nm ! 5Nm | 5Nm ; ! SNm I SNm

Times[1s/div] Times[1s/div] Times[1s/div]

(a)

(b) (©)

Figure 17. Experimental results of response to load change under different control strategies. (a) SMC-
ESO. (b) SMC. (c) PID.

Figure 18 presents the output torque during the load change process. Figure 19 shows
the a-phase current under loaded operation. The experimental results demonstrate that
the output torque regulated by the SMC-ESO approach is more precise, and the harmonic
content in the output current is lower. This indicates the superiority of the SMC-ESO in
enhancing the control performance.

T

| i - sMC i —— PID
= i ) i | = i
2L ! S ] [ ] 3 ! ]
£ I IS i | e | |
& ] & l i {1 & ] |
3 [ ‘T I | [} [ I
g : ‘ g | } g : |
= 1 .load increase . ... load decrease. | s .. load.increase ... .load decrease. | 2 1 load increase. .| . load decrease. |
L SNM L. Shm b Shm__,, SNm i . M .. Shm
Times[1s/div] Times[1s/div] Times[1s/div]
(a) (b) (c)
Figure 18. Experimental results of torque output of load change under different control strategies.
(a) SMC-ESO. (b) SMC. (c) PID.
— SMC-ESO ‘ ' ‘ - sMC ‘ ' ' RN
- = =
b ! : ‘ 1z ZLh ! v ]

Times[5ms/div]

(a)

Times[5ms/div] Times[5ms/div]
(b) (c)

Figure 19. Experimental results of a-phase current with load under different control strategies.
(a) SMC-ESO. (b) SMC. (c) PID.

The experimental data of three control strategies during speed and load changes are
shown in Figure 20. Compared with conventional SMC, SMC-ESO has reduced response
time by 30% during speed changes, reduced jitter by 59%, reduced speed fluctuations by
15% during load changes, and reduced response time by 18%, making it more robust.
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Figure 20. Experimental data of the response under different control strategies during disturbance.
(a) Speed change. (b) Load change.

5. Conclusions

In this paper, a new sliding mode control for PMSM has been studied, and it has been
compared to conventional sliding mode control. The conclusions are as follows:

(1) Due to the motion trajectory of sliding mode control moving back and forth on
the sliding surface and eventually converging to a steady state, it is prone to jitter
and vibration.

(2) Real time observation and compensation of q-axis current by current observers can
achieve stable control under interference and small jitter. Simulation and experi-
mental results show that SMC-ESO improves dynamic and steady-state performance
of PMSM.

(3) Due to the current fluctuation observer, the motor can be used in more complex and
high-precision operating environments, and this control method can be easily applied
to practical industries without additional implementation costs.
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