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Abstract: The speed response of the interior permanent magnet synchronous motor (IPMSM) drive
at low speeds was analyzed. To eliminate the effect of external disturbance or parameter uncertainty,
a nonlinear speed control loop was designed based on the sliding-mode exponential reaching law,
which reduces chatter, which is the major drawback of the constant reaching law sliding-mode control
technique. The proposed nonlinear speed control eliminates speed ripples at low speed under load
disturbance. The problem of speed convergence at low speed is caused by electromagnetic torque
ripples, which cause shaft speed oscillations that affect drive performance. The main objective of
the proposed method is to change the traditional IPMSM control design by compensating with an
appropriate signal along the reference current and across the output of the speed control loop. To
optimize the speed tracking performance during disturbances or parametric variations, a nonlinear
speed control scheme is designed that can vigorously adapt to the change in the controlled system.
The comparative analysis shows that the method provides excellent transient performance (e.g., fast
convergence response, less overshoot, and fast settling time) and standstill performance (e.g., reduced
steady-state error) compared with conventional control methods at low speed under varying load
conditions. The method is easy to implement and does not require additional computational cost.
To demonstrate the effectiveness and feasibility of the design approach, a numerical analysis was
conducted, and the control scheme was verified using MATLAB/Simulink considering various
operating conditions.

Keywords: sliding mode control (SMC); interior permanent magnet synchronous motor (IPMSM);
inverters; speed tracking; torque ripple

1. Introduction

Interior permanent magnet synchronous motors (IPMSMs) are extensively used in sev-
eral high-performance industrial applications (e.g., electric vehicle drives, robotics, traction
drives, and home appliances) owing to their significant properties, such as fast dynamics,
high precision, high torque and power density, dynamic performance, low maintenance
cost, and high reliability. Precise rotor shaft speed and position information are needed to
achieve high-performance vector control [1,2]. However, at low speed, because of the pres-
ence of external disturbances, such as parasitic torque ripples or parameter uncertainties,
caused by imperfect machine design, the uncertain data measured from the sensor caused
by noise and the effect of mechanical load or power electronic switches [3,4] cause the
speed trajectory tracking performance to deteriorate and degrade the robustness. Therefore,
it is necessary to reduce the periodic torque ripples and overcome the effects of parametric
variation to ensure high-precision trajectory tracking performance of IPMSM drives.

Various control techniques for solving the aforementioned problems have been pre-
sented in the literature. Several control strategies based on conventional controllers, such
as proportional–integral (PI) control [5,6] have attracted attention owing to their simplicity
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and ease of implementation on hardware; however, they are highly dependent on actual
drive parameters and require exact parameter values to tune the PI gain to achieve efficient
closed-loop performance. To eliminate the parameter dependency on the control design,
nonlinear controllers have been developed [7–14]. In previous research [7–9], deadbeat
control showed excellent speed tracking performance, but it depends highly on the IPMSM
parameters to achieve efficient tracking performance by setting the closed-loop poles to
zero. Fuzzy logic controllers [10,11] can effectively deal with drive nonlinearities and
model unknown parameter uncertainties. However, this control scheme depends highly
on gains and requires extensive knowledge to choose appropriate fuzzy interference rules
to achieve excellent speed tracking. Model predictive control (MPC) [12–14] is easy to
implement and straightforward, but highly depends on the exact model of the IPMSM to
predict the future control output variables that ensure adequate closed-loop control effects.

Variable structure control (VSC) was first studied in the 1950s for high-order differential
systems, but, because of excessive chattering in the VSC system and the lack of an appropriate
design approach, it has become less popular among researchers [15]. After the 1970s, the
importance of VSC was further explored because of its robustness, quick response, and easy
implementation. Moreover, system parametric variation and external disturbance are not
issues, and VSC shows excellent dynamic performance [16]. In previous studies [16–19],
the sliding mode control (SMC) scheme was applied to various applications owing to its
invariance to external disturbances and unknown model parameter variations, which ensures
excellent speed tracking performance regardless of parameter uncertainties or disturbances.
The robustness of SMC highly depends on large control gains, whereas a large gain value
causes a chattering issue, which excites higher-frequency dynamics. To suppress this issue,
a reaching law is designed based on an exponential term that adopts the change of system
states and the sliding surface. Therefore, in this study, an exponential reaching law SMC was
applied to eliminate the issue of high chattering and slow reaching time.

Parasitic electromagnetic torque ripples are caused by several factors, such as the
cogging torque, periodic flux harmonic, sensor measurement uncertainties, and current
offset [20], which cause periodic speed ripples and degrade the control performance of the
drive, especially under low-speed operating conditions. The fluctuation in speed can even
cause instability in the system [21]. Torque pulsation can be divided into two high- and
low-frequency components. By increasing the bandwidth of the closed-loop control, the
high-frequency torque pulsating component can be effectively controlled, whereas, for the
low-frequency component, which occurs within the closed-loop control bandwidth, further
attention is required [22].

Several control schemes have been proposed in recent years to reduce the periodic
torque ripples. The schemes are classified into two groups. The first focuses on the
machine design and improvement of the machine structure (e.g., improving the winding
distribution, skewing the slots or magnet, or guaranteeing the fractional number of slots
per pole) [23,24]. Machine design optimization is the most effective way to minimize
periodic torque ripples; however, once the machine structure is designed, the performance
cannot be modified. In addition, optimizing the structure design results in a higher cost
and more complex realization. The other group tends to minimize periodic torque ripples
by employing advanced controllers that improve the performance of the motor drive by
correcting and compensating for periodic torque ripples [25–27]. In an earlier study [25],
the current compensation signal was added across the q-axis reference current to suppress
the disturbance factor that helps to reduce the periodic speed oscillation caused by periodic
torque ripples. MPC is designed in such a way that it reduces speed ripples because of the
embedding disturbance frequency caused by the current sensor offset error [12]. In other
work [26,27], a hybrid control scheme employing a finite control set MPC and lookup table
was implemented to compensate for torque ripples caused by cogging.

To improve the dynamic and standstill response of an IPMSM drive at low speed,
an effective compensation scheme along with a sliding-mode speed controller was imple-
mented in this study. The proposed control schemes guarantee speed ripple reduction
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under low-speed working conditions. The speed control loop was designed based on
exponential reaching law sliding-mode control (ERL-SMC), which is independent of the
motor model, and the compensation signal was injected across the reference current and
the output of the speed control loop. This was done to utilize low-frequency current and
torque disturbance, which helps to modify actual reference variables in such a way that
the controller rejects unwanted disturbing signals. The proposed control scheme was
compared with conventional field-oriented control. The results show that the proposed
scheme can effectively compensate for torque ripples that significantly increase the drive
performance in terms of rotor shaft speed ripple minimization and transient/steady-state
performance. Moreover, the proposed control scheme is simple and does not require a high
computational cost.

The remainder of this article is organized as follows. A mathematical model and the
maximum torque per ampere (MTPA) scheme for an IPMSM are introduced in Section 2. In
Section 3, the source of periodic torque ripples is explained. The design process of sliding-
mode speed control combined with a compensation scheme is described in Section 4. The
results obtained to verify the effectiveness of the proposed control scheme are presented and
discussed in Section 5. Finally, the contribution of this study is summarized in Section 6.

2. IPMSM Modeling and Control

In this section, the mathematical interpretation of the salient-pole PMSM considered
in this study is described. The three-phase two-level voltage source inverter (VSI) topology
is shown in Figure 1. It is employed to control voltages across the drive by utilizing
space vector pulse width modulation (SVPWM), which can achieve 15% more DC voltage
utilization and can reduce harmonic distortion compared with other switching techniques.

dcV
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ci
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c

IPMSM
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Figure 1. Three phase two-level topology VSI fed IPMSM.

2.1. Dynamic Model of IPMSM

Continuous-time electrical and mechanical models of the salient-pole PMSM in the
synchronous dq reference frame were employed in this study and are defined as follows [1]:

Ld i̇d = vd − rsid + ωeLqiq, (1)

Lq i̇q = vq − rsiq −ωeLdid −ωeλm, (2)

and

Te =
3
2

P
2
[λmiq + (Ld − Lq)idiq], (3)

TL = Te − Bωm − Jω̇m, (4)

where vd and vq are the stator voltages in dq frame; id and iq are the stator current along dq
axes, respectively; rs is the stator-per phase resistanc; ωe is the rotor shaft electrical speed.
ωe = Pωm, where ωm represents rotor shaft mechanical speed and P denotes pole pairs, λm
is the magnetic-flux linkage; Te and TL are the electromagnetic and load torque, respectively;
B and J are the mechanical friction coefficient of load, and mechanical inertia, respectively.
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2.2. Maximum Torque per Armature (MTPA)

Owing to the salient pole structure of IPMSM drives, the d-axis inductance cannot
be equal to the q-axis inductance, i.e., Ld 6= Lq. Hence, a reluctance torque component
exists. Therefore, the implementation of maximum torque per armature (MTPA) becomes
difficult owing to the complex relationship between the dq-axis reference currents. In this
study, a simplified dq-axis reference current equation was derived based on known motor
parameters. This helped overcome the complication problem in real-time implementation
and also eliminated the use of look-up tables.

A simple equation for the d-axis reference was derived based on the q-axis reference
current. Utilizing the given motor parameters, a linear relationship between the torque
and q-axis reference current was derived. Considering

Is =
√

i2d + i2q , (5)

the equation for i∗d reference current can be expressed in terms of i∗q reference current as [28]:

i∗d =
λm

2
(

Lq − Ld
) −√ λ2

m

4
(

Lq − Ld
)2 + i∗2q . (6)

For simplicity, the above d-axis reference current is expanded by a Taylor series
expansion across a point reaching zero. Substituting the given motor parameters and
neglecting high-order terms because of the smaller magnitude yield,

i∗d =
(Ld − Lq)

λm
i∗2q . (7)

Here, i∗q is calculated by substituting drive parameters in (6) and expressed as

i∗d = 16.72−
√

279.62 + i∗2q . (8)

Equation (8) is expanded by the Taylor series expansion at i∗q = 0.001. Eliminating the
smaller magnitude term yields

i∗d = −0.0299(i∗q − 0.001)2. (9)

Substituting (9) into (3) with the given motor parameters and solving for i∗q yields

i∗q = 0.437Te + 0.001. (10)

Equations (7) and (10) are employed online for the MTPA control of IPMSM drive.
These equations help utilize reluctance torque and increase the efficiency of the drive.

3. Torque Pulsation Analysis

The periodic torque ripples that mostly occur in the IPMSM are separated into two
groups: one results from the motor drive structure that causes, e.g., flux harmonics, cogging,
and phase unbalancing, whereas the second group occurs because of drive control issues,
e.g., gain mismatch, sensor offset error, delay occurring during processing, and the inverter
dead time effect. From the motor drive transfer function, the electromagnetic torque is
a function of the magnetic flux, reference current, and mechanical speed. Therefore, at
a low operating speed range, the shaft speed oscillates at the same harmonic frequency
as that of the change in the electromagnetic torque. This affects the speed performance
at steady state. Moreover, because of oscillation, the control performance of the motor
drive degrades. A pictorial description of the speed control loop is presented in Figure 2.
In this section, the effect of the generation of periodic torque ripple caused by various
disturbances is discussed in detail.
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Figure 2. Speed control block diagram.

3.1. Flux Harmonics

The presence of harmonics in the air-gap flux causes torque pulsation in the IPMSM.
In a real drive system, it is difficult to achieve a pure sinusoidal flux density distribution
across the air gap, which leads to torque ripples because of the interaction of the standard
stator phase current with a nonsinusoidal flux density distribution across the air gap. In a
three-phase system, the flux linkage between the drive phase current and magnet contains
harmonics of the order 5, 7, 11, . . . , whereas, in the dq reference frame the 6th, 12th, and
other multiples of the sixth harmonic for the corresponding torque appear and can be
expressed as [21]

Te = T0 + ∆Te,6 + ∆Te,12 + · · · , (11)

where ∆Te,n = Tncos(nθe), n is the multiple of the unexpected sixth harmonic, and T0 is
the DC component. The resultant torque is the summation of the DC component and the
unexpected torque harmonic components. Therefore, periodic torque ripples occur owing
to variations in the resultant torque caused by harmonics with time.

3.2. Current Sensor Offset Error

The inaccuracy of the current sensor occurs because of certain conditions caused by
the controller. It is related to the presence of an inherent DC offset in the phase current
measurements, which leads to pulsating torque ripples. Pulsating torque ripples occur at
the fundamental frequency owing to a DC offset in the phase current measurement. The
current sensor scaling error causes the torque of the motor drive to oscillate at twice the
fundamental frequency. In the vector control system, the phase currents are measured as
follows. First, using the current sensor, the current signals are converted into a voltage
signal. Second, these voltage signals are converted to digital signals by employing a low-
pass filter (LPF) and analog-to-digital converters (ADCs). The unbalanced supply voltage
to the current sensors and many analog devices in the path for current measurement make
unavoidable offset errors. The measured rotating dq-axis currents resulting from the DC
offset errors are expressed as [29]:

ie
d(AD) = ie

d + ∆ie
d,

ie
q(AD) = ie

q + ∆ie
q,

where

∆ie
d =

2
3

[
cos θe∆ias + cos

(
θe − (

2
3

π)

)
∆ibs + cos

(
θe + (

2
3

π)

)
(−∆ias − ∆ibs)

]
=

2√
3

√
∆i2as + ∆ias∆ibs + ∆i2bs sin(θe + γ),

∆ie
q =

2
3

[
− sin θe∆ias − sin

(
θe − (

2
3

π)

)
∆ibs − sin

(
θe + (

2
3

π)

)
(−∆ias − ∆ibs)

]
=

2√
3

√
∆i2as + ∆ias∆ibs + ∆i2bs cos(θe + γ),

θe = 2π fet,

γ = tan−1

( √
3∆ias

∆ias + 2∆ibs

)
.
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γ is a constant angular displacement dependent on ∆ias and ∆ibs which are the offset
errors in the measured drive phase current, and θe is the electrical angle.

Assuming that the measured phase current from the sensor exactly follows the refer-
ence current obtained from the MTPA, the actual drive phase current is

ie
d = ie

d(AD)− ∆ie
d, (12)

ie
q = ie

q(AD)− ∆ie
q. (13)

Employing (12) and (13), the pulsating torque ripples are expressed as

Te =
3
2

P
2
[λmie

q + (Ld − Lq)ie
die

q]. (14)

Solving (14) for actual current in the presence of DC offset yields

∆Te =
√

3P cos(θe + γ)[λm
√

a + (Ld − Lq)
2√
3

sin(θe + γ)a], (15)

where a = ∆i2as + ∆ias∆ibs + ∆i2bs. (15) shows that the DC offset in the current measurement
causes the torque of the motor drive to oscillate at the fundamental frequency. The speed
of the motor drive also oscillates at the fundamental frequency because ∆Te acts as a distur-
bance load for a closed-loop system and degrades the performance of the speed control.

3.3. Cogging Torque

The cogging torque is generated by the interaction between the magnetic flux and
stator slots. Torque fluctuation occurs because the energy storage between the air gap
of the motor stator slots was not fixed. Owing to the lack of efficient cogging torque
models, a mathematical model to compensate for this is difficult to construct. In a previous
report [30], it was shown that the cogging torque is a periodic function of the rotor shaft
position. Cogging torque ripples appear at frequencies that are multiples of the number
of stator slots per pole pair and the electrical frequency of the rotor. The cogging torque
is directly related to the structural design of the motor body (e.g., winding distribution,
skewing of the slot, and number of slots per pair), and the process of designing the motor
drive is not repeatable, which means that once the motor drive is designed, it cannot be
modified [21,30], which is not discussed further in this article.

In this study, a compensator was designed to reduce the torque harmonics that are
produced owing to current measurement errors. Appropriate compensation signals are
injected into the torque and dq reference. This method makes it possible to reduce the
torque harmonics, leading to the minimization of the speed ripple. Different compensator
schemes to address torque ripples have been proposed that enhance the robustness and
steady-state error of the control system [24,25].

4. Design of Proposed Scheme

A nonlinear speed controller is presented that is designed based on the sliding-mode
exponential reaching law, which is insensitive to external disturbances and shows robust-
ness under parametric uncertainty. Furthermore, a compensation technique is introduced
to minimize the speed ripple at low speed by modifying the reference dq-axis current and
output of the speed control loop. This section comprises two parts. The ERL-SMC law
is given first. Then, a compensation scheme for ripple reduction and for overcoming the
disturbance injection is introduced.

4.1. Reaching Law Sliding Mode Control

SMC has several advantages over other nonlinear control schemes. It is easy to
implement, is robust to variation, and has a fast response, which leads to excellent dynamic
performance. However, a major drawback of this controller is that it causes chattering
phenomena that excite high-frequency dynamics. One of the most important steps in
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designing SMC is to reduce the chattering issue, increase the robustness of the controller,
and reduce the reaching time. To address these issues, a reaching law is designed based on
an exponential term that modifies the change in the system states and sliding surface.

To design SMC, the sliding surface was designed, and a control input was constructed
that forced the system trajectory toward the sliding surface, guaranteeing a condition
reaching the sliding mode. The sliding mode mechanism in the phase plane is shown in
Figure 3, and the nonlinear model to express the SMC is{

ẋ1 = x2
ẋ2 = A(x) + B(x)u

(16)

where x = [x1, x2]
T is the system state. A and B are nonlinear functions in term of x and B

is invertible. The tracking error dynamics are given as:{
e1 = x1 − xd

1
e2 = x2 − xd

2
(17)

where ė1 = e2. The nonlinear system model to express SMC following the reaching law is
given as:

s = ė1 + ce1 = e2 + ce1, c > 0. (18)

Equation (18) ensures the stability of the sliding mode, whereas the convergence of
the system trajectory to the sliding surface is related to the value of c in the sliding-mode
surface. Once the sliding surface is selected, the next step is to select the switching controller
u in such a way that it enables the error vector to reach the sliding surface and ensure the
sliding mode reaching condition, which is expressed as

sṡ < 0. (19)

To satisfy (19), the conventional reaching law is

ṡ = −kr · sign(s), k > 0. (20)

The reaching time tr required by the error vector to converge to the sliding surface is
obtained by integrating (20) with respect to time, which is derived based on Lyapunov stability:

V =
1
2

s2,

V̇ ≤ −Kr|s|,
ṡs ≤ −Kr|s|,

ṡ ≤ −Kr sign(s),

and ∫ tr

0
ṡ dt ≤ −

∫ tr

0
Kr sign(s) dt.

Therefore, the reaching time constant is

tr =
|s(0)|

kr
. (21)

Equation (21) reveals that the reaching speed is increased by increasing the value of
kr and excellent robustness can be achieved; however, this causes the chattering problem
because the chattering increases with the increase in kr [31].
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Figure 3. Sliding phase mechanism of the SMC.

To overcome this interdependence between the reaching law and chattering level, an
exponential reaching-law-based sliding-mode controller was designed. The reaching law
was selected based on the choice of the exponential term that adapts to the change in the
sliding-mode switching function. The reaching law is

ṡ = − k
N(s)

· sign(s), k > 0, (22)

where

N(s) = δ0 +

(
1 +

1
|e1|

)
e−a|s|.

Here, k is strictly positive integer, 0 < δ0 < 1 and a > 0. This exponential reaching
law has no effect on the stability of the control design because N(s) is always strictly
positive. (22) shows that, if |s| decreases, the denominator of term k/N(s) reaches to 1 +
1/|e1|, causing k/N(s) converge to k|e1|/(1 + |e1|). This means that the system trajectory
reaches to sliding surface, in which e1 decrease to zero under the control input, which
helps to reduce the chattering level. However, the term sign(s) is retained in (22), the
chattering elimination capability is limited. In addition, if |s| increases, then the term
k/N(s) converges to k/δ0 which is greater than k, thus ensuring faster reaching time. The
designed controller can easily adapt to the variation of the switching controller by allowing
k/N(s) to vary between k/δ0 and 0. The reaching time in which the system trajectories
approach the sliding surface is obtained by integrating (22), noticing that s(t) = 0, and
integrating the limit from

∫ t
0 , which yields

tr =
1
k

[
δ0|s(0)|+

(1 + 1/|e1|)
a

(
1− e−a|s(0)|

)]
. (23)

Because (1− e−a|s(0)|) < 1, the inequality expression is

t <
1
k

(
δ0|s(0)|+

1 + 1/|e1|
a

)
. (24)

Equation (24) is simplified as

t <
1
k
(δ0|s(0)|). (25)

Equation (21) is subtracted from (25) with the condition that gain kr = k yields

t− tr <
1
k
(δ0|s(0)|)−

1
kr
(|s(0)|) = 1

k
(δ0 − 1)|s(0)|. (26)
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Here, (δ0 − 1) is always negative as 0 < δ0 < 1 and the term |s(0)|/k is strictly
positive, which implies that t− tr < 0 and the robustness of the control increases with the
fast-reaching speed of the sliding surface with the same gain. However, if the condition
t = tr is set, then

k < δ0kr. (27)

Therefore, the reduction in chattering level is guaranteed as K < Kr, which means that
a fast reaching speed with less chattering can be achieved. As a result, the proposed ap-
proach minimizes chattering for the same reaching speed, which is a significant advantage
over traditional sliding-mode control. For the speed control mechanism, the speed tracking
error is introduced as e = ωre f − ωm which maintains the actual speed at the reference
speed. The sliding-mode surface based on the aforementioned scheme is defined as

s = e = ωre f −ωm. (28)

Taking the derivative of the tracking error and speed, the equivalent controller is
calculated by setting d(s)/dt = 0 yielding

d(s)
dt

= ω̇re f − ω̇m, (29)

where ω̇m = (Te− Bωm)/J. Finally, the control law is the sum of (29) and (22), expressed as

d(s)
dt

= ω̇re f −
Te + Bωm

J
− k

N(S)
· sign(S) = 0. (30)

Therefore, the control input i∗q is derived as

i∗q = (
2J

3P[λm + (Ld − Lq)i∗d ]
)

[
ω̇re f −

Bωm

J
− k

N(S)
· sign(S)

]
. (31)

By utilizing (10) the torque reference is obtained.

4.2. Speed Ripple Compensation Scheme

To minimize the speed ripple at a low operating speed, the reference dq-axis current
and the output of the speed controller are modified by the current variations and distur-
bances in the electromagnetic torque, which minimizes the disturbance effect and increases
the robustness under load variation. Figure 4 shows the structural design of the control
scheme. The compensation signals are obtained by employing a high-pass filter. The
mathematical expression derived for the dq-axis current compensation signals is

icomp
dq =

s
s + ω f

ie
dqGcomp

dq . (32)

The expression for the torque compensation signal is given as

Tcomp
e =

s
s + ω f

TeGcomp
Te

. (33)

where ω f and Gcomp are the filter cut-off frequency and the compensation gain. The cut-off
frequency and gain are calculated using the compensator design for closed-loop transfer
function and the sensitivity function given in [25].
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Figure 4. Structural diagram of proposed compensation scheme.

5. Results and Discussion

A simulation model was developed to demonstrate the effectiveness of the proposed
control design. An IPMSM drive with parameters given in Table 1, was utilized for
performance evaluation under different test conditions.

Table 1. Control System parameters.

Parameters Value Parameters Value

PWM period, Tpwm 100 µs Switching frequency, Fpwm 10 kHz

Stator resistance, rs 2.5 Ω Poles pairs, P 3

d-axis inductance, Ld 15.025 mH q-axis inductance, Lq 30.175 mH

Moment of inertia, J 0.00365 kgm2 Rotor flux, λm 0.5283 Wb

Damping coefficient, B 0.0011 Nm·s Sampling time, Ts 1 µs

To demonstrate its effectiveness, a computer-based model of the proposed control
design was implemented in MATLAB/Simulink, and a comparative study using a simu-
lation tool was conducted to show the robustness and effectiveness of attaining excellent
standstill performance under low-speed operating working conditions. The compensation
gains for the electromagnetic torque and dq-axis current loop are set to Kcomp

Te
= 10 and

Kcomp
idq

= 2, whereas cutoff frequency is set to 50 rad/s. The optimal compensator gains
should be chosen in such a way that the system’s stability and robustness are guaranteed
while also obtaining the highest disturbance rejection capabilities. Figure 5 shows the rate
of the ripple factor for the speed and torque of the IPMSM drive. The torque ripple factor
(TRF) and speed ripple factor (SRF) are expressed as the ratio of the peak–peak torque
and speed ripple to the rated torque and speed of the IPMSM drive, and they are derived
as follows:

TRF =
Te,pk−pk

Te
× 100 (%),

SRF =
ωe,pk−pk

ωe
× 100 (%).

Figure 5a,b show the evaluation of the efficacy of the designed control algorithm with
conventional control designs. For Figure 5a the speed is varied (10, 20, 30, 40, 50, 60) rpm
under constant load torque of 7 Nm, whereas in Figure 5b the torque is varied (2, 3, 4, 5, 6,
7) Nm under constant speed of 50 rpm. The result reveals that employing the proposed
control design ripple across the speed and torque effectively results in a reduction when
the reference value increases. Compared with the conventional design, the ripples are
greatly minimized with the proposed control design with increasing robustness, especially
at low speed.
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(b)

Figure 5. Analysis of SRF for various speed and torque. (a) Speed SRF. (b) Torque SRF.

Figure 6 shows the speed response under various load conditions. A sliding-mode
speed controller is applied to eliminate linear PI controllers that are sensitive to external
disturbances. Initially, a reference speed of 50 rpm is applied under a load torque of 3 rpm
that is shown in Figure 6a. Figure 6b,c shows the settling time and steady-state error of the
drive, respectively. The settling time of the proposed design is fast, and the steady-state
error is reduced. At 0.5 s, a load torque of 7 Nm is applied with a speed change from 50 to
30 rpm at 0.6 s. Figure 6d–f shows that, with load variation, the speed response is good,
and the ripples across the speed at standstill are smaller than those in the conventional
control design.

Figure 7a shows the a-phase current response of the IPMSM drive. The waveform
of the a-phase current has a sinusoidal shape in the case of the proposed model, which
indicates the regular operation of the IPMSM drive. A comparison of the a-phase current
shows that the designed algorithm has a smaller current ripple, and the harmonic distortion
is suppressed, ensuring the efficacy of the design model.

Figure 7b shows the response of the reference torque and the output electromagnetic
torque across the drive. By employing the MTPA control scheme, the torque was obtained
by utilizing the minimum current value. It can be seen that Te has a higher ripple in the
conventional method, whereas ripples are reduced in the proposed control structure design.



Energies 2021, 14, 6679 12 of 16

(
)

Sp
ee

d
rp

m
[25]

(a)

(
)

Sp
ee

d
rp

m

[25]

310−

(b)

(
)

Sp
ee

d
rp

m

[25]

(c)

(
)

Sp
ee

d
rp

m

[25]

(d)

(
)

Sp
ee

d
rp

m

[25]

(e)

(
) e

Sp
ee

dE
rr

or
ω ∆

[25]

0.5−

(f)

Figure 6. Speed profile at low speed operating range under load variation. (a) Speed response.
(b) Speed overshoot. (c) Speed steady-state response. (d) Speed during load applied. (e) Speed at
30 rpm. (f) Steady-state speed error.
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(b)

Figure 7. IPMSM current and torque response under nominal parameters with load step variation.
(a) Motor phase current. (b) Torque response.

Figure 8 shows the drive phase current along the d and q-axis. Based on conventional
methods, the d and q-axis currents show higher current ripples, whereas the proposed
control design shows minimum ripples across the d and q-axis current.
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Figure 8. Reference output state’s variable. (a) D-axis current. (b) Q-axis current.
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To verify the robustness of the proposed control design, the speed convergence char-
acteristic of the IPMSM was simulated based on a sinusoidal reference speed input with
an amplitude of 10 rpm and a frequency of 30 Hz. The sinusoidal speed response and
error curves based on different control designs are shown in Figure 9. The convergence
of the actual to the reference speed with minimal error is observed in the proposed de-
sign. This implies that the steady-state error of the control system is minimized when the
proposed control method is employed. Moreover, the controller has excellent dynamic
performance and can effectively increase the robustness of the system by resisting the effect
of load disturbance, which increases the overall performance of IPMSM speed control
under uncertainties and load variations. The qualitative performance analyzed between
the conventional and the proposed control schemes is summarized in Table 2.
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Figure 9. IPMSM drive speed response under sinusoidal speed input. (a) Sinusoidal speed response.
(b) Speed error.

Table 2. Comparative performance of conventional and proposed control scheme.

Parameters SMC Control Scheme in [25] Proposed Control

Speed tracking Moderate Good Excellent

Speed steady-state error Maximum Moderate Minimum

Speed overshoot (%) High (0.033) Less (0.029) Medium (0.031)

Speed settling time (ms) High Medium Less
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Table 2. Cont.

Parameters SMC Control Scheme in [25] Proposed Control

Speed ripple (%) 0.4 0.07 0.001

Torque ripple Higher Medium Lower

Current harmonics Higher Medium Lower

Chattering analysis Severe chattering Moderate chattering Minimum chattering

Control efficiency Moderate Good Excellent

6. Conclusions

An effective compensation method with a sliding-mode speed controller which re-
duces speed and torque ripples at low-speed operation is proposed. The SMC scheme
makes the speed controller parameter independent. The main sources of torque ripple,
the structure of the speed controller, and the compensation technique for minimizing the
ripples in the speed control were discussed in detail. The proposed method is simple
and does not require additional computational cost and can be applied to drive applica-
tions where low-order harmonics are undesired. The chattering of SMC is reduced by
introducing an exponential reaching law that has the advantage of fast convergence and
could adapt the variation of switching function, thus, increasing the robustness of the
speed controller. The feasibility of the control structure was verified through simulation
results under different conditions, e.g., variable low-speed, varied load, and sinusoidal
speed reference input. A comparative study with the conventional control method was
conducted, and the results show that the proposed controller effectively enhances the
steady-state and dynamic performance of SPMSM especially in the low-speed regions, e.g.,
smaller speed ripples, smaller steady-state error, and faster transient response.
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