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A Fixed-Switching-Frequency Integral Sliding
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Reluctance Motor Drives
Jin Ye, Member, IEEE, Pawel Malysz, Member, IEEE, and Ali Emadi, Fellow, IEEE

Abstract— A fixed-switching-frequency model-based sliding
mode current controller with an integral switching surface for
switched reluctance motor (SRM) drives is presented in this
paper. Based on the equivalent circuit model of SRM, including the magnetic saturation and mutual coupling, an integral
sliding mode current controller is designed. The stability of
sliding mode controller is analyzed in two scenarios: 1) one
with known motor parameters and 2) the other with bounded
modeling error. In order to analyze the robustness of the sliding
mode controller, the motor controller parameter constraints are
derived and the stability analysis is demonstrated by considering
motor parameter modeling errors. The sliding mode controller
is validated by both simulation and experimental results with a
2.3-kW, 6000-r/min, three-phase 12/8 SRM over the wide speed
range in both linear and magnetic saturation regions. Compared
to the hysteresis current controller, the sliding mode controller
demonstrates comparable transient response and steady-state
response in terms of torque ripples, current ripples, root-meansquare error of current and torque. Moreover, the sliding mode
controller has some advantages over the hysteresis controller,
including constant switching frequency and much lower sampling
rate.
Index Terms— Constant switching frequency, current control,
sliding mode control, stability, switched reluctance motor (SRM).

I. I NTRODUCTION

S

WITCHED reluctance motors (SRMs) are emerging as
promising candidates for a variety of applications, for
example, fluid pump drives, air-conditioning systems, handheld tools, house-hold appliances, and traction motors in
electrified vehicles. Their simple and robust structure and
lack of permanent magnets on the rotor are key advantages.
However, SRM drives have major drawbacks, including hightorque ripple, acoustic noise, and vibration issues and higher
control complexity [1]–[10]. This paper focuses on the latter
control aspect of SRM drives.
Torque ripples of SRM can be reduced by either instantaneous direct torque control (DTC) [11]–[13] or indirect torque

Manuscript received April 28, 2014; revised June 30, 2014 and
August 12, 2014; accepted August 31, 2014. Date of publication September 18, 2014; date of current version April 30, 2015. This work was supported
by the Canada Excellence Research Chairs Program. Recommended for
publication by Associate Editor J. O. Ojo.
The authors are with the Department of Electrical and
Computer Engineering, McMaster University, Hamilton, ON L8S 4L8
Canada (e-mail: yej25@mcmaster.ca; malyszp@univmail.cis.mcmaster.ca;
emadi@mcmaster.ca).
Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JESTPE.2014.2357717

control approaches [14]–[16]. In DTC, only one-loop torque
control is applied, which is easier than indirect torque control
in terms of the structure. However, complicated switching
rules, uncontrolled switching frequency, and no over-current
protection are limitations of DTC. For indirect torque control,
either current control loop or flux linkage control loop is
required. The performance of inner loop will directly influence
torque ripples of SRM.
Torque sharing function (TSF) approaches [17]–[21] are
gaining interest in the indirect torque control of SRM drives.
The total torque reference is intelligently divided to each
phase and converted to the phase current reference or flux
linkage reference according to the magnetic characteristics of
the SRM. The phase current or flux linkage is controlled in
order to track its reference defined by a TSF. Therefore, the
actual torque output of TSF is determined by the tracking
performance of current controller or flux linkage controller.
Due to simpler relationships between the flux linkage and
input voltage, flux linkage controllers are studied in some
publications [22], [23]. In [23], a novel sliding mode fluxlinkage controller with integral compensation is proposed for
torque ripple minimization of SRM. However, the flux linkage
is not directly measurable in SRM drives and needs to be
estimated through the integration of the terminal voltage subtracted by the voltage across the ohmic resistance. This method
is sensitive to the variation of the ohmic resistance and accumulation error due to integration. In addition, it shows poorer
accuracy at lower speed when back-electromotive force (EMF)
is small. Therefore, the accuracy of the flux linkage controller
may be deteriorated by the estimated flux linkage. Meanwhile,
necessary over-current protection is still not included in a flux
linkage controller.
Current hysteresis control is one of the most popular current
control strategies in SRM drives, due to its simplicity, fast
dynamic response, and motor model independence. However,
it suffers from variable switching frequency. In addition, in
the digital implementation of hysteresis controllers, the limited
sampling rate may lead to higher current and torque ripples.
Higher sampling rate will increase the cost of the digital
controller. Some constant-switching-frequency current controllers have been investigated in [24]–[26]. In [24], a digital
proportional and integral (PI) current controller is presented
by considering the nonlinearity of the SRM. The gain of
PI controller is adapted with respect to rotor position and
current to ensure stability. In [25], a novel high-performance
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current controller based on iterative learning is proposed for
SRM. This method does not need an accurate model. In [26],
a fixed switching-frequency predictive current control method
is presented for SRM. This predictive current controller predicts the required duty cycle of pulsewidth modulation (PWM)
signal for a given reference current based on the precise circuit
model of the SRM. The robustness of the current predictive
controller was not investigated.
Sliding mode control has been reported to have good robustness and dynamic response in control of power electronic
converters or ac/dc motor drives [27]–[29]. In ac/dc motor
drives, linear inductance is considered. However, in SRM, the
inductance is a nonlinear function of the rotor position and
current. There have been a few studies implementing sliding
mode control for SRM drives [30]–[32]; however, they have
been limited to either speed control or torque control.
In this paper, a fixed-switching-frequency sliding mode
controller is presented for phase current control of SRM
drives, which can be used as the inner control loop of TSF
in order to reduce torque ripples. In addition, with fixed
switching frequency, the switching losses or acoustic noise
can be possibly reduced depending on the switching-frequency
selection. Compared with hysteresis controller, the phase current is sampled at each switching frequency, which lowers the
sampling requirements of the digital controller. An equivalent
circuit model of the three-phase SRM is obtained considering
the mutual coupling and magnetic saturation. Sliding mode
current controller with integral switching surface is designed
based on the equivalent circuit model of the SRM. With known
motor parameters, the stability of sliding mode controller is
guaranteed. In order to analyze the robustness of the proposed
sliding mode controller, the stability is analyzed in the case
of motor parameter modeling errors. Based on the analysis
of the sliding mode controller, motor controller parameter
constraints are derived to ensure stability of the sliding mode
controller in the presence of known bounds of modeling
error. The sliding mode controller is then compared with
hysteresis current control by both simulation and experimental
results with a 2.3-kW, 6000-r/min, three-phase 12/8 SRM
in terms of sampling rate, current ripples, torque ripples,
current root-mean-square errors (RMSEs), and torque RMSEs.
This paper is organized as follows. Section II presents the
modeling of the SRM. The design and analytical analysis of
the sliding mode current controller are presented in Section III.
Sections IV and V show the simulation and experimental
results. The conclusions are provided in Section VI.
II. M ODELING OF SRM
In a three-phase SRM, no more than two phases conduct
simultaneously. During commutation, incoming and outgoing
phases are denoted as the kth and (k −1)th phase, respectively.
Phase voltage equations are derived as
∂λk
∂λk−1
; vk−1 = Ri k−1 +
(1)
∂t
∂t
where R is ohmic resistance. vk , i k , and λk are the phase
voltage, current, and flux linkage of the kth phase, respectively,
and vk−x1 , i k−1 , and λk−1 are the phase voltage, current,
vk = Ri k +

and flux linkage of (k −1)th phase, respectively. When mutual
flux is considered, flux linkage for incoming and outgoing
phases can be expressed as
λk = λk,k + λk,k−1 ; λk−1 = λk−1,k−1 + λk−1,k

(2)

where λk,k and λk−1, k−1 are the self-flux linkages of kth and
(k − 1)th phase; λk, k−1 and λk−1, k are mutual flux linkages.
The flux linkage can be represented in terms of the
self-inductance and mutual inductance
 



Mk,k−1
L k,k
ik
λk
=
(3)
λk−1
Mk−1,k L k−1,k−1
i k−1
where L k,k and L k−1, k−1 are the self-inductances of the kth
and (k − 1)th phase; Mk, k−1 and Mk−1, k are the mutual
inductances.
Considering magnetic saturation, the inductance is a
function of the rotor position and current. Substituting (3)
into (1), the phase voltage equations can be derived as
⎡
⎤
∂ Mk,k−1 
∂ L k,k

 


i
vk
ik
⎢
∂θ ⎥
=R k + ωm ⎣∂ M∂θ
⎦
∂ L k−1,k−1 i k−1
k−1,k
vk−1
i k−1
∂θ
∂θ
⎡
d L k,k
d Mk,k−1 ⎤
L k,k +i k
Mk,k−1 +i k−1
⎢
di k
di k−1 ⎥
+⎣
d Mk−1,k
d L k−1,k−1⎦
Mk−1,k +i k
L k−1,k−1 +i k−1
di k
di k−1
⎡
⎤
di k
⎢
⎥
× ⎣ didt ⎦
(4)
k−1
dt
where θ and ωm are rotor position and angular speed,
respectively.
Incremental inductance is defined as
d L k,k
L inc_k = L k,k + i k
di k
d L k−1,k−1
L inc_k−1 = L k−1,k−1 + i k−1
.
(5)
di k−1
In the linear magnetic region, the incremental inductance is
equal to the self-inductance, i.e., the latter derivative terms are
zero. Incremental mutual-inductance is defined as
d Mk,k−1
Minc_k,k−1 = Mk,k−1 + i k−1
di k−1
d Mk−1,k
Minc_k−1,k = Mk−1,k + i k
.
(6)
di k
Using (5) and (6), (4) can be reformulated as
⎤
⎡
·




ik
vk
i
= T ⎣ ·k ⎦ + 
(7)
vk−1
i k−1
i k−1
where


Minc_k,k−1
T =
Minc_k−1,k L inc_k−1,


k,k
k,k−1
=
k−1,k k−1,k−1
⎡
⎤
∂ L k,k
∂ Mk,k−1
+R
ωm
ωm
⎢
⎥
∂θ
∂θ
=⎣
⎦.
∂ Mk−1,k
∂ L k−1,k−1
ωm
+R
ωm
∂θ
∂θ


L inc_k
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Fig. 1.

Cross-sectional view of a 12/8 SRM.

Fig. 2.

Power electronic converter for the SRM.
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By neglecting magnetic saturation and mutual coupling,
electromagnetic torque of the kth phase can be derived as
1 ∂ L k,k 2
i
(8)
2 ∂θ k
where Te (k) is the torque produced by the kth phase and i k is
the kth phase current.
For an n-phase SRM, total electromagnetic torque Te can
be represented as
Te(k) =

n

Te =

Te(k) .

(9)

k=1

The cross-sectional view of the studied three-phase 12/8
SRM is shown in Fig. 1. Asymmetric power electronic
converter for the SRM is shown in Fig. 2. Finite-element
analysis (FEA) of the studied motor was conducted using
JMAG software [33]. The self-inductance, mutual inductance,
and torque profiles of the machine are shown in Fig. 3(a)–(c),
respectively.

Fig. 3. FEA inductance and torque profiles of 12/8 SRM. (a) Self-inductance
profiles.(b) Mutual inductance profiles. (c) Torque profiles.

To reduce steady-state error, the integral switching surface
for incoming phase and outgoing phase is selected as
σ =e+α

III. S LIDING M ODE C URRENT C ONTROLLER

where

A. Design of Sliding Mode Current Controller
The voltage equation (7) can be reorganized as the system
function given in (10). Current errors work as the state vector,
i ref_k and i ref_k−1 are the reference currents for the kth and
(k − 1)th phase, respectively. The control input of the system
is represented as v, which needs to be derived by the steps,
which will be described as follows:
ė = Ae + Bv + Ai ref

(10)

A, B, and e are shown in the equation at the top of the next
page.


σ =

e

(11)




σk
αk 0
; α=
0 αk−1
σk−1

and the integral gain diagonal elements αk > 0, αk−1 > 0
denote error convergence.
The dynamics of the sliding mode variable are designed as
σ̇ = −qσ − εsgn(σ )

(12)

where






ε 0
sgn(σk )
q 0
; ε= k
; sgn(σ ) =
q= k
0 qk−1
0 εk−1
sgn(σk−1 )
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A = −T −1  =

Minc_k,k−1 k−1,k − L inc_k−1 k,k Minc_k,k−1 k−1,k−1 − L inc_k−1 k,k−1
Minc_k−1,k k,k − L inc_ kk−1,k
Minc_k−1,k k,k−1 − L inc_ kk−1,k−1
L inc_k L inc_k−1 − Minc_k,k−1 Minc_k−1,k



L inc_k−1 −Minc_k,k−1
1
−M
L inc_k
inc_k−1,k
L inc_k L inc_k−1 − Minc_k,k−1 Minc_k−1,k


 




ek
i ref_k
i k − i ref_k
vk
e=
=
; i ref =
; v=
ek−1
i k−1 − i ref_k−1
i ref_k−1
v k−1

B = T −1 =

and the parameters qk > 0, qk−1 > 0; εk > 0, εk−1 > 0
specify the rate of convergence to the sliding mode surface.
The differential form of (11) is given as
σ̇ = ė + αe.

(13)

By substituting (12) and (13) in (10), the control input v of
the sliding mode controller is obtained as
v=B

−1

(−qσ − εsgn(σ ) − αe − Ae − Ai ref ).

B. Stability Analysis of the Sliding Mode Controller
Neglecting the Modeling Error of Motor Parameters
The stability analysis of the sliding mode controller is
presented in this section by neglecting motor parameter errors.
By neglecting the modeling error of the motor parameters, the
control voltage of sliding mode control is kept the same as
(14). By substituting the control signal in (14) into (10), the
current error dynamics can be derived as
(17)

Combining (13) and (17), the system dynamics can be put into
the form
Ẋ = A1 X + B1U
where

A1 =

−q
−q

⎡

0
−α

1 0 0
⎢0 1 0
B1 = ⎢
⎣0 0 1
0 0 0
⎡
⎤
σk
⎢ σk−1 ⎥
⎥
X =⎢
⎣ ek ⎦ .
ek−1



⎤
−qk
0
0
0
⎢ 0 −qk−1 0
0 ⎥
⎥
=⎢
⎣ −qk
0 −αk
0 ⎦
0 −qk−1 0 −αk−1
⎤
⎤
⎡
0
−εk sgn(σk )
⎥
⎢
0⎥
⎥ ; U = ⎢ −εk−1 sgn(σk−1 ) ⎥
⎦
⎣
−εk sgn(σk ) ⎦
0
−εk−1 sgn(σk−1 )
1
⎡

A1T P + P A1 = −I
V = X T P X.

(14)

To handle the variable switching frequency aspect of sliding
mode control, PWM control is combined with sliding mode
control. The duty cycle of the PWM control is designed as
vk
dk =
(15)
vdc
vk−1
dk−1 =
(16)
vdc
where dk and dk−1 are the duty cycle of the kth phase and
(k − 1)th phase, respectively; vdc is dc link voltage.

ė = −qσ − εsgn(σ ) − αe.

The system in (18) can be shown to be bounded-input
bounded-output (BIBO) stable using a Lyapunov analysis
approach. Suppose there exists a unique positive definite
matrix P that satisfies (19), a Lyapunov function can then
be selected as (20)

(18)

(19)
(20)

The derivative of Lyapunov function (20) is obtained as
V̇ = Ẋ T P X + X T P Ẋ
= (X T A1T + U T B1T )P X + X T P(A1 X + B1U )
= X T (A1T P + P A1 )X + U T B1T P X + X T P B1 U
(21)
−X T I X + 2U T B1T P X.
Given a bounded input U , for large enough X, the derivative
of the Lyapunov function is negative. This fact can be used
to show X itself is bounded; therefore, the system in (19) is
regarded as BIBO stable.
The input U of the system is bounded since
⎡
⎤
⎤ ⎡


εk
−εk sgn(σk )


⎢ −εk−1 sgn(σk−1 ) ⎥ ⎢ εk−1 ⎥
⎥
⎥ ⎢
(22)
|U | = ⎢
⎣ −εk sgn(σk ) ⎦ ≤ ⎣ εk ⎦.


 −εk−1 sgn(σk−1 ) 
εk−1
The BIBO stability of the system in (19) depends on matrix
P being positive definite. By solving (19), matrix P can be
shown to be equal to
⎤
⎡
p11 0 p13 0
⎢ 0 p22 0 p24 ⎥
⎥
(23)
P =⎢
⎣ p31 0 p33 0 ⎦
0 p42 0 p44
where
ak2 + αk qk + qk2
−qk
; p13 =
2αk qk (αk + qk )
2αk (αk + qk )
2
2
+ αk−1 qk−1 + qk−1
ak−1
−qk−1
; p24 =
=
2αk−1 qk−1 (αk−1 + qk−1 )
2αk−1 (αk−1 +qk−1 )
−qk
1
; p33 =
=
2αk (αk + qk )
2αk
−qk−1
1
; p44 =
=
.
2αk−1 (αk−1 +qk−1 )
2αk−1

p11 =
p22
p31
p42
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To ensure matrix P is positive definite, the following
conditions need to be satisfied:
a 2 + 2αk qk + 2qk2
ak2 + αk qk + qk2
> 0; k
>0
2αk qk (αk + qk )
4αk qk (αk + qk )2
2
2
2
+ αk−1 qk−1 + qk−1
ak−1
a 2 +2αk−1 qk +2qk−1
> 0.
> 0; k−1
2αk−1 qk−1 (αk−1 + qk−1 )
4αk−1 qk (αk−1 +qk−1 )2
(24)
According to the requirements for the coefficients in (11)
and (12), the conditions in (24) are satisfied. Therefore, the
stability of the sliding mode controller is guaranteed in the
case of known motor model parameters.
It is also worth noting that if the Lyapunov function is
selected as (25), the derivative of (25) can be obtained as (26)
according to (18). Therefore, the system is also asymptotically
stable. Under such conditions, the switching surface will
converge to zero. According to (13), the current error will
also converge to zero
V = 12 σ T σ
T

(25)
T

V = σ̇ σ = (−qσ − εsgn(σ )) σ
2
− εk−1 σk−1 sgn(σk−1 )
= −qk σk2 − qk−1 σk−1
−εk σk sgn(σk ) < 0.

(26)

C. Stability Analysis of the Sliding Mode Controller
Considering the Modeling Errors of Motor Parameters

L̃ inc_k = L inc_k + L̂ inc_k ; L̃ inc_k−1 = L inc_k−1 + L̂ inc_k−1
ˆ k; 
˜ k−1 = k−1 + 
ˆ k−1
˜ k = k + 
(27)

ˆ k , and 
ˆ k−1 are the parameter modwhere L̂ inc_k , L̂ inc_k−1 , 
˜ k , and 
˜ k−1 are
eling errors of the SRM; L̃ inc_k , L̃ inc_k−1 , 
the best modeled estimates of the SRM parameters used for
the calculation of the sliding mode control signal (14).
Mutual inductance in the studied SRM is typically ∼2%
of the self-inductance at the same rotor position and current
levels.
To simplify the stability analysis, the parameters related to
mutual coupling are set to zero
Minc_k,k−1 = 0;

Minc_k,k−1 = 0

k,k−1 = 0; k−1,k = 0.

The estimated matrix based on modeled parameters is
defined as
⎤
⎡
˜ k,k

0
⎥
⎢−
⎥
⎢ L̃ inc_k
.
(30)
Ã = ⎢
˜ k−1,k−1 ⎥

⎦
⎣
0
−
L̃ inc_k−1
A first-order Taylor series expansion of the approximate Ã
can be derived as (31). Using the the first taylor expression,
an approximate expression of the modeling error matrix can
be obtained as (32) by subtracting (29) from

 

K1 0
K3 0
Ã 

(31)
0 K2
0 K4
where

(28)

Then, the matrix A from (10) can be approximated as
⎡ 
⎤
k,k
−
0
⎢ L inc_k
⎥
A=⎣
(29)
k−1,k−1 ⎦.
0
−
L inc_k−1

k,k
∂(−k,k /L inc_k )
ˆ k,k

+
L inc_k
∂k,k
∂(−k,k /L inc_k )
+
L̂ inc_k
∂ L inc_k L̂ inc_k
k−1,k−1
∂(−k−1,k−1 /L inc_k−1 )
ˆ k,k

−
+
L inc_k−1
∂k−1,k−1
∂(−k−1,k−1 /L inc_k−1 )
L̂ inc_k−1
+
∂ L inc_k−1
ˆ k,k
k,k

k,k L̂ inc_k
−
−
+
L inc_k
L inc_k
L 2inc_k
ˆ k−1,k−1
k−1,k−1

k−1,k−1 L̂ inc_k−1
−
−
+
L inc_k−1
L inc_k−1
L 2inc_k−1


K5 0
(32)
Ã − A =
0 K6

K1 = −

K2 =

K3 =
K4 =

In practice, the modeling error of the SRM parameters is
inevitable due to measurement noise or temperature variation;
therefore, the stability of the sliding mode controller in the
presence of modeling error is studied here using a similar
approach to the ideal case. By investigating the effect of the
modeling errors on the stability, the robustness of the sliding
mode controller can be guaranteed. Therefore, this section is
an essential part of the sliding mode current controller.
The parameters of the motor are decomposed as
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Â =
where

ˆ k,k

k,k L̂ inc_k
+
L inc_k
L 2inc_k
ˆ k−1,k−1

k−1,k−1 L̂ inc_k−1
K6 = −
+
.
L inc_k−1
L 2inc_k−1
K5 = −

Similarly, using the same conditions in (28), the matrix B −1
can be approximated as


0
L inc_k
.
(33)
B −1 =
0 L inc_k−1
The estimated modeled matrix is defined as


0
L inc_k + L̂ inc_k
−1
.
B̃ =
0
L inc_k−1 + L̂ inc_k−1

(34)

The modeling error matrix is derived by subtracting (33)
from (34)


0
L̂ inc_k
−1
.
(35)
B̂ =
0 L̂ inc_k−1
The control signal of the sliding mode controller (14) can
be expressed in terms of the actual and error parameters
v = B̃ −1 [−qσ − εsgn(σ ) − αe − Ãe − Ãi ref ]
= (B −1 + B̂ −1 )[−qσ − εsgn(σ ) − αe − (A + Â)e
 B

−1

− (A + Â)i ref ]
[−qσ − εsgn(σ ) − αe − (A + Â)e − (A + Â)i ref ]

+ B̂ −1 [−qσ − εsgn(σ ) − αe − Ae − Ai ref ]

(36)
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where in the last line, higher order terms have been dropped.
By substituting the control signal (36) in (10), the system
dynamics can be derived as
ė = Ae + Bv + Ai ref

−( Â + B B̂ −1 A)i ref .

(37)

Combining (13) and (37), the system dynamics can be rewritten as
Ẋ = Ã1 X + B1Ũ = (A1 + Â1 )X + B1 Ũ .

(38)

A notable difference with the dynamics in (38) compared
with dynamics in (18) is that the system is time varying due
to the presence of modeling error. The subsequent stability
analysis considers this aspect where, conceptually, stability can
be verified provided that the time-varying part is bounded and
small compared to the nontime-varying part.
Using the same matrix P given in (23) and Lyapunov
function
V = X T P X.

(39)

The derivative of the Lyapunov function considering motor
parameter modeling error is obtained as
V̇ = Ẋ T P X + X T P Ẋ
= (X T A1T + X T Â1T + Ũ T B1T )P X
+X T P(A1 X + Â1 X + B1 Ũ )
= X T (A1T P + P A1 )X + X T ( Â1T P + P Â1 )X
+Ũ T B1T P X + X T P B1 Ũ
= X T (−I + Â1T P + P Â1 )X + 2Ũ T B1T P X
= X T Q X + 2Ũ T B1T P X.

(40)

The input matrix Ũ is bounded since the motor parameter
modeling error is bounded. BIBO stability of the system
in (38) can be shown provided the matrix Q shown in (40)
is negative definite. The matrix Q can be obtained as (41) by
combining (23), (38), and (40)
⎤
⎡
0
Q 13
0
Q 11
⎢ 0
Q 22
0
Q 24 ⎥
⎥
Q=⎢
(41)
⎣ Q 13
0
Q 33
0 ⎦
0
Q 44
0
Q 24

⎢

⎢ L̂ inc_k
⎢
αk −
1 = L inc_k ⎢
⎣ L inc_k


2qk2 +

⎡
⎢

⎢ L̂ inc_k
2 = L inc_k ⎢
αk −
⎢ L
⎣ inc_k

L̂ inc_k
L inc_k


2qk2

+

L̂ inc_k
−1
L inc_k
ˆ k,k − L̂ inc_k α 2
(αk + qk )
L̂ inc_k
k
=
−
2qk (αk + qk )L inc_k
2L inc_k
L̂ inc_k−1
=−
− 1;
L inc_k−1
ˆ k−1,k−1 − L̂ inc_k−1 α 2
(αk−1 + qk−1 )
L̂ inc_k−1
k−1
=
−
2qk−1 (αk−1 + qk−1 )L inc_k−1
2L inc_k−1
ˆ k,k − L̂ inc_k αk

−1
=
L inc_k (αk + qk )
ˆ k−1,k − L̂ inc_k−1 αk−1

− 1.
=
L inc_k−1 (αk−1 + qk−1 )

Q 11 = −
Q 13

= −q(I + B B̂ −1 )σ − ε(I + B B̂ −1 )sgn(σ )
−(α + Â + B B̂ −1 α + B B̂ −1 A)e

⎡

where

Q 22
Q 24
Q 33
Q 44

The matrix Q is negative definite provided (42)–(45) are
satisfied
L̂ inc_k
> −1
L inc_k

L̂ inc_k−1
> −1
(43)
L inc_k−1

2
ˆ k,k − L̂ inc_k α 2
(αk + qk )
L̂ inc_k
k
−
2qk (αk + qk )L inc _k
2L inc_k



ˆ k,k − L̂ inc_k αk
L̂ inc _k

−1 >0
(44)
+
+1
L inc_k
L inc _k (αk + qk )

2
ˆ k−1,k−1 − L̂ inc_k−1 α 2
(αk−1 + qk−1 )
L̂ inc_k−1
k−1
−
2qk−1 (αk−1 + qk−1 )L inc _k−1
2L inc_k−1



ˆ k−1,k−1 − L̂ inc_k−1 αk−1
L̂ inc_k−1

− 1 > 0.
+
+1
L inc_k−1
L inc _k−1 (αk−1 + qk−1 )
(45)
Equations (42)–(45) imposed conditions on the control
parameters to ensure stability of the sliding mode controller
in the presence of modeling errors.
D. Parameter Selection of Sliding Mode Controller
In this section, a guide for determining the controller
parameters is provided, which ensures robustness of the sliding
mode controller.


⎤



L̂ inc_k
2
2
2
qk + 2qk αk +2αk qk + 2qk
L inc_k +1 ⎥
⎥
⎥
⎥
αk + qk
⎦

L̂ inc_k
L inc_k

(42)





L̂ inc_k
2
2
2
qk − 2qk αk + 2αk qk + 2qk
L inc_k + 1
αk + qk
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TABLE I
PARAMETERS OF S LIDING M ODE C ONTROLLER

Equation (44) can be regarded as a second-order equation
ˆ k,k as the unknown parameter, therefore
with 
1 < k,k < 2

(46)

where 1 and 2 as shown in the equation at the bottom of
ˆ k,k can be negative or positive. To
the previous page hold. 
ˆ k,k is smaller than a specific
ensure that the absolute value of 
value, 1 should be negative and 2 should be positive. As
a result, the following needs to be satisfied:

2

αk2
αk2
L̂ inc_k
1


+
+
4
L inc_k
4(αk +qk )2
4qk2
L̂ inc_k
−1 < 0.
1 2 =
−
L inc_k
4qk2
(47)
The chosen control parameters of the sliding mode current
controller are listed in Table I. The stability of sliding mode
controller considering the modeling error will be verified by
using these parameters in Table I. It should be noted that
the control parameters of the sliding mode controller may be
tuned to make a tradeoff between the dynamic response and
steady-state response. Using the parameters listed in Table I,
the limitation of inductance modeling error can be derived
according to (47) as
−0.82 <

L̂ inc_k
< 4.83.
L inc_k

(48)

Equation (46) can be converted to (49), since 2 is the
smaller than the absolute value of 1
|k,k | < 2

(49)

where 2 can be regarded as a function of inductance modeling error shown in (50). Since the range of the inductance
modeling error are derived in (48), the range of 2 can also
be derived using the parameters of sliding mode controller in
Table I
⎡

2 =L inc_k f

⎢


⎢ L̂ inc_k
L̂ inc_k
⎢
=L inc_k ⎢
αk
L inc_k
⎣ L inc_k


L̂
2qk2+ L inc_k
inc_k

−



 ⎤

L̂ inc_k
2
2
2
qk −2qk αk +2αk qk+2qk
L inc_k +1 ⎥
⎥
⎥.
⎥
αk+qk
⎦
(50)

Fig. 4.

Derivative of the self-inductance profiles of the studied 12/8 SRM.

ˆ k,k can be expressed as (51) by
The modeling error 
neglecting the speed measurement error and ohmic resistance
variation with respect to the temperature
ˆ k,k =


∂ L̂ k
ωm
∂θ

(51)

where ∂ L̂ k /∂θ is the modeling error of the derivative of selfinductance with respect to rotor position.
The derivative of self-inductance of the studied motor is
shown in Fig. 4. An estimation of derivative of self-inductance
is shown in Fig. 4. The estimated derivative of self-inductance
is denoted as dotted line in this figure. The mathematical
function of the estimated derivative of self-inductance is
represented as
⎧
0
0 ≤ θ < θo
⎪
⎪
⎪
⎨
d L̃
0.03
θo ≤ θ < θ p /2
=
(52)
⎪
dθ
−0.03
θ
/2
≤
θ
<
θ
−
θ
p
p
o
⎪
⎪
⎩
0
θ p − θo ≤ θ ≤ θ p
where θo is the predefined angle shown in Fig. 4; θ p is the
pole pitch defined as (53). In the 12/8 SRM, θ p is equal to 45°
θp =

2π
Np

(53)

where N p is the number of the rotor poles.
The modeling error of derivative of self-inductance is shown
to be less than ±0.04. Therefore, the absolute modeling error
ˆ k,k needs to meet the requirement
of 



  ∂ L̂ 

ˆ k,k  =  k ωm < 0.04ωmax
(54)
 ∂θ 
where ωmax is the maximum allowable speed of the motor.
According to (49) and (50), once the range of 2 can be
>0.04 ωmax , (49) can be easily satisfied. Therefore, the range
of function f can be derived as


L̂ inc_k
> 0.04ωmax
2 = L inc_k f
L inc_k


0.04ωmax
L̂ inc_k
0.04ωmax
>
⇒ f
>
(55)
min
L inc_k
L inc_k
L inc_k
where L min
inc_k is the minimum incremental inductance of the
motor.
The maximum speed of the studied motor is 6000 r/min.
The incremental-inductance profiles of the studied motor are
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Fig. 5.
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FEA incremental inductance of 12/8 SRM.

Fig. 7. Control diagram of the current controller of 12/8 SRM. (a) Sliding
mode current controller. (b) Hysteresis current controller.
Fig. 6.

Function f with respect to inductance modeling error.

shown in Fig. 5. The minimum incremental inductance of the
motor is ∼1 mH.
Therefore, the function f should be larger than 25 000 in
order to meet the condition in (55), which is one of prerequisites for BIBO stability. The function f with respective to
inductance modeling error is shown in Fig. 6. From this figure,
the inductance modeling error should be between 0 and 2,
i.e., (56), so that the function f is larger than 25 000. This
also satisfies the requirement for the inductance modeling error
in (42)
0<

L̂ inc_k
< 2.
L inc_k

(56)

If incremental inductance is estimated instantaneously in
each rotor position, the modeling error of incremental inductance can be limited into specific range in (57). However,
the inductance modeling error can be negative in some cases
and (56) is not satisfied


 L̂ inc_k 

<ξ
(57)
L

inc_k
where ξ is the maximum incremental-inductance modeling
error. The modeled inductance L̃ inc_k can be limited to
−ξ + 1 <

L̃ inc_k
< ξ + 1.
L inc_k

(58)

If the estimated incremental inductance is doubled, the
modeling error is derived as (59). Once ξ is smaller than 0.5,
the inductance modeling error can easily meet (56) and BIBO
stability can be achieved. Therefore, using the sliding mode
current controller, the modeled inductance is doubled to ensure

nonnegative incremental-inductance modeling error
2ξ + 1 <

L̂ inc_k
2 L̃ inc_k − L inc_k
=
< 2ξ + 1.
L inc_k
L inc_k

(59)

In addition, the above parameter selection procedure can be
applied to any phase of the studied motor. Therefore, the BIBO
stability of the sliding mode controller can be guaranteed
considering the parameter modeling errors. Since sliding mode
controller demonstrates strong robustness to modeling errors,
inductance profiles obtained from FEA can also be used in
the experiments and simulations. With known rotor position, the instantaneous inductance of the studied SRM can
be obtained using inductance-current-rotor position profiles
stored as lookup tables in the microcontroller.
E. Overview of Sliding Mode Current Controller
and Hysteresis Current Controller
The control diagram of the sliding mode current controller
and hysteresis current controller of 12/8 SRM are shown in
Fig. 7(a) and (b), respectively. Currents i k−1 , i k , and i k+
represent the (k − 1)th, kth, and (k + 1)th phase current
response, respectively. Reference signals i ref_k−1 , i ref_k , and
i ref_k+1 represent the (k − 1)th, kth, and (k + 1)th phase
current reference, respectively. Signals dk−1 , dk , and dk+1
represent the (k − 1)th, kth, and (k + 1)th phase duty cycle
of the corresponding PWM signal. Signals gk −1 , gk , and
gk+ represent the (k − 1)th, kth, and (k+1)th phase driving
signal, respectively. Sliding mode current control requires the
incremental inductance-rotor position characteristics, speed
of the motor, and deriative of self-inductance-rotor position
characteristics, whereas in current hysteresis control, this
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information is not necessary. Since speed or rotor position
information is necessary in implementing torque control or
speed control of the motor, rotor position or speed input
of sliding mode controller will not increase any hardware
complexity as well as control complexity. The self-inductancerotor position characteristics and deriative of self-inductancerotor position characteristics, which will be stored as lookup
tables in the digital controller, can be obtained by FEA offline.
Since the sliding mode controller demonstrates high robustness
to motor parameter modeling error, the sliding mode controller
is insensitive to the possible inaccuracy of these lookup tables.
The difference between sliding mode controller and hysteresis
controller is highlighted by the PWM block. Since sliding
mode controller is combined with PWM block, it ensures
constant switching frequency, which can possibly reduce the
switching losses or acoustic noise. However, the current hysteresis controller suffers from the variable switching frequency.
In the digital implementation of the sliding mode controller,
the phase current is sampled once at each switching period by
unipolar PWM modulation or twice by bipolar modulation.
In the digital implementation of the hysteresis controller, the
phase current current is normally sampled much faster than
the switching frequency to reduce undesirable current ripples.
By reducing the sampling rate, the cost of digital controller
can be further reduced. The performance of the sliding mode
controller and hysteresis controller will be compared in terms
of dynamic response and steady-state response in Section IV
through simulation and experimental results.
IV. S IMULATION V ERIFICATION
The sliding mode current controller is compared to current
hysteresis controller in terms of torque ripples, current ripples,
dynamic response, and steady-state response by simulations.
A 2.3-kW, 6000-r/min, three-phase 12/8 SRM is simulated
by MATLAB/Simulink using torque as well as inductance
profiles given in Fig. 3. The SRM is driven by asymmetric
power electronic converter, shown in Fig. 2, with 300 V dc-link
voltage. Linear TSF is used for instantaneous torque control
of SRM [20]. The torque reference of kth phase (incoming
phase) and (k − 1)th phase (outgoing phase) defined by linear
TSF are expressed as
Tref
Tref
(θ − θON ); Tk−1 = Tref −
(θ − θOFF ) (60)
θov
θov
where Tk and Tk−1 is the torque reference for the incoming
phase and outgoing phase, respectively; Tref is the total torque
reference; θON , θOFF , and θov are the turn-ON angle, turn-OFF
angle, and overlapping angle, respectively.
θON , θOFF , and θov of linear TSF are set to 5°, 20°, and 2.5°,
respectively. From this point forward, all angles in this paper
are expressed as mechanical angles. The switching frequency
of the sliding mode controller is set to 20 kHz. In case of
bipolar PWM modulation scheme, the sampling frequency is
40 kHz. Current band of hysteresis controller is 0.5 A. The
sampling frequencies of the hysteresis controller are 40 and
200 kHz, respectively. The switching frequency of hysteresis
controller is between 30 and 2 kHz depending on the speed
and current. The performance of the current controller directly
Tk =
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determines the performance of torque control in terms of the
torque ripples. The torque ripples are defined as
Trip =

Tmax − Tmin
Tav

(61)

where Tav , Tmax , and Tmin are the average torque, maximum
torque, and minimum torque, respectively.
The RMSEs of phase current and torque are calculated
as (62) and (63), respectively. Since the calculation of RMSE
is based on one rotor period θ p , the tracking error in both
steady state and transients are included. Therefore, the RMSE
is an important criterion to evaluate the tracking performance
of the current controller


θp

1
IRMSE = 
(i e_ref(k) − i k )2 dθ
(62)
θp
 0

θp

1
TRMSE = 
(Te_ref − Te )2 dθ
(63)
θp
0

where IRMSE and TRMSE are the RMSEs of current response
and torque response, respectively.
A. Simulation Results at 1500 r/min (Tref = 1.5 Nm)
Fig. 8 shows simulation results of sliding mode controller
at 1500 r/min when the torque reference is set to 1.5 Nm.
As shown in Fig. 8(a) and (c), with the same sampling rate
(40 kHz), the current hysteresis controller shows ∼200%
torque ripples and 18-A peak current, which are much higher
than the sliding mode controller. The control performance of
hysteresis controller is deteriorated by the limited sampling
frequency of the digital controller. By setting the sampling
frequency of hysteresis controller to 200 kHz, the current
hysteresis controller shows similar current response and torque
response as the sliding mode controller. In Fig. 8(a), the
peak current of sliding mode controller is ∼14 A and torque
ripples are ∼80%, which is nearly the same as the simulation results of hysteresis controller, shown in Fig. 8(b). The
sliding mode controller shows no steady-state error and fast
transient response, similar to the response of the hysteresis
controller ( f sample = 200 kHz). Therefore, the sliding mode
current controller shows comparable transient and steady-state
performance as the hysteresis controller while it guarantees the
constant switching frequency and lower sampling rate.
B. Simulation Results at 4000 r/min (Tref = 3 Nm)
Here, torque reference is increased to 3 Nm to verify the
application of the sliding mode controller in the magnetic
saturated region. Fig. 9 shows simulation results of sliding
mode controller at 4000 r/min when the torque reference is
set to 3 Nm. Similarly, the current hysteresis controller shows
similar current response and torque response as the sliding
mode controller, when the sampling frequency of hysteresis
controller is set to 200 kHz. The torque ripples of sliding
mode controller and hysteresis controller ( f sample = 200 kHz)
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Fig. 8.
Simulation results with sliding mode controller and hysteresis
controller (speed = 1500 r/min, Tref = 1.5 Nm). (a) Sliding mode current
controller. (b) Hysteresis current controller ( f sample = 200 kHz). (c) Hysteresis current controller ( f sample = 40 kHz).

are both ∼90%. The sliding mode controller shows no steadystate error and similar transient response as the hysteresis
controller ( f sample = 200 kHz). When the sampling frequency
of the hysteresis controller is decreased from 200 to 40 kHz,

Fig. 9.
Simulation results with sliding mode controller and hysteresis
controller (speed = 4000 r/min, Tref = 3 Nm). (a) Sliding mode current
controller. (b) Hysteresis current controller ( f sample = 200 kHz). (c) Hysteresis current controller ( f sample = 40 kHz).

the maximum absolute current error of hysteresis controller
increases from 3 to 8 A. Therefore, the higher sampling
rate is required for the digital implementation of the current
hysteresis controller. In summary, in both linear and saturated
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TABLE II
C OMPARISON OF RMSE (Tref = 1.5 Nm)
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TABLE III
C OMPARISON OF RMSE (Tref = 3 Nm)

magnetic region, the sliding mode current controller achieves
the constant switching frequency and lower sampling rate
without deteriorating the transient and steady-state performance compared with the hysteresis controller.
C. Comparison of Sliding Mode Current Controller and
Hysteresis Current Controller Over the Wide
Speed Range
Since RMSE is a better criterion to evaluate the transient and
steady-state performance of the current controller, RMSE of
the sliding mode controller and hysteresis controller are compared in this section at different speeds and torque levels.
Table II shows RMSE of sliding mode control compared to
hysteresis control, when the torque reference is set to 1.5 Nm.
As shown in Table II, sliding mode control and hysteresis
current control ( f sample = 200 kHz) show similar IRMSE and
TRMSE over the wide speed range. Therefore, the sliding mode
controller shows similar transient and steady-state performance
as the current hysteresis controller ( f sample = 200 kHz) over
the wide speed range. Compared with hysteresis controller, the
sliding mode controller has the benefits of constant switching
frequency and lower sampling rate. However, the performance
of hysteresis controller is directly influenced by the sampling
rate of the digital controller. The current hysteresis controller
( f sample = 40 kHz) shows more than twice TRMSE as the
current hysteresis controller ( f sample = 200 kHz) up to
6000 r/min. At the speed lower than 3000 r/min, IRMSE of the
current hysteresis controller ( f sample = 40 kHz) is higher than
that of the current hysteresis controller ( f sample = 200 kHz).
At higher speeds, IRMSE of the current hysteresis controller
( f sample = 40 kHz) is similar to that of the current hysteresis
controller ( f sample = 200 kHz). The phase current derivatives
at higher speeds are decreased due to higher back-EMF, and
therefore, the influence of the sampling rate on the current
response is decreased. With the same sampling rate, the sliding
mode controller shows lower current RMSEs and torque
RMSEs than hysteresis controller, which are advantages of
the sliding mode controller over hysteresis controller.
The comparison of RMSE between sliding mode controller
and hysteresis controller is shown in Table III when the
torque reference is set to 3 Nm. Similarly, in magnetic
saturation region, the sliding mode controller and hysteresis
current controller ( f sample = 200 kHz) demonstrate similar

Fig. 10.

Experimental setup of SRM drive.

IRMSE and TRMSE over the wide speed range. Therefore, the
sliding mode controller is verified to have comparable performance as the current hysteresis controller ( f sample = 200 kHz)
in magnetic saturation region. When the sampling rate of the
current hysteresis controller is decreased from 200 to 40 kHz,
TRMSE is nearly doubled. As the speed increases, phase current
derivatives is decreased, which reduces the effect of sampling time on hysteresis controller. Therefore, the difference
of IRMSE between the current hysteresis controller ( f sample =
40 kHz) and current hysteresis controller ( f sample = 200 kHz)
is decreased. The comparison results at magnetic saturated
region also demonstrate the benefits of the sliding mode controller, including lower sampling rate and constant switching
frequency.
V. E XPERIMENTAL R ESULTS
The sliding mode controller and hysteresis controller
are verified in a 2.3-kW, 6000-r/min, three-phase
12/8 SRM, shown in Fig. 10. Field-programmable gate
array EP3C25Q240 is used for digital implementation of
both controllers. The dc-link voltage is set to 300 V. The
current reference of linear TSF is stored in lookup tables.
The switching frequency of sliding mode controller is set to
20 kHz and the sampling frequency is set to 40 kHz. Current
band of hysteresis controller is set to 0.5 A. As validated in
simulation, with the same sampling frequency, the hysteresis
controller shows worse response than sliding mode controller.
Therefore, the sampling frequency of hysteresis controller
is set to 200 kHz in order to compete with sliding mode
controller in terms of transient and steady-state response.
In the experiment, the torque references are set to 1.5 and
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Fig. 11. Experimental result of current controller (speed = 1500 r/min,
Tref = 1.5 Nm). (a) Sliding mode controller. (b) Hysteresis controller.

3 Nm, respectively. The motor will be operating at the
same speed and torque level as simulation results for a fair
comparison.
A. Experimental Results at 1500 r/min (Tref = 1.5 Nm)
The torque reference is set to 1.5 Nm. Fig. 11(a) and (b)
shows experimental results of sliding mode controller and hysteresis controller at 1500 r/min, respectively. The peak current
of sliding mode controller and current hysteresis controller
is both 14 A, which matches simulation results in Fig. 8.
The maximum absolute current errors and torque ripples for
both sliding mode controller and hysteresis controller are ∼2 A
and 80%, which are also close to simulation results in Fig. 8.
For sliding mode controller, RMSE of current and torque is
0.8 and 0.2, respectively. For hysteresis controller, RMSE of
current and torque is 0.7 and 0.2, respectively. Therefore, the
sliding mode current controller shows similar transient and
steady-state response as the current hysteresis controller.
B. Experimental Results at 4000 r/min (Tref = 3 Nm)
The torque reference is then set to 3 Nm to verify the application of sliding mode controller in saturated magnetic region.

Fig. 12. Experimental result of current controller (speed = 4000 r/min,
Tref = 3 Nm). (a) Sliding mode controller. (b) Hysteresis controller.

Fig. 12(a) and (b) shows experimental results of sliding mode
controller and hysteresis controller at 4000 r/min, respectively.
As shown in Fig. 12, the maximum absolute current errors of
hysteresis controller and sliding mode controller are 3 A and
torque ripples are 90%, which is similar to simulation results
in Fig. 9. The current RMSE and torque RMSE of sliding
mode controller is 3.1 and 0.65, respectively. The hysteresis controller shows similar RMSEs, which is 3 in current
response and 0.6 in torque response. Therefore, compared
with hysteresis controller, sliding mode current controller
has comparable transient and steady-state response in both
simulation results and experimental results with the constant
switching frequency and the low sampling rate.
VI. C ONCLUSION
In this paper, a fixed-switching-frequency model-based sliding mode current controller with the integral switching surface
for SRM drives was presented. Integral sliding mode controller
is derived based on the equivalent circuit model of SRM
considering magnetic saturation and mutual coupling. Then,
stability of sliding mode controller is analyzed in detail
considering motor parameter modeling errors. Based on the
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stability analysis of the sliding mode controller, parameter
selection was presented with strong robustness to motor
parameter modeling errors. The sliding mode controller was
compared with current hysteresis control controller over the
wide speed range in terms of torque ripple, current ripple,
RMSE of current response, and RMSE of torque response
by simulation. The simulation results show that sliding mode
controller demonstrated comparable transient response and
steady-state response as the current hysteresis controller at
different speed and torque levels assuming that the sampling
rate of the hysteresis controller is five times higher than sliding
mode controller. With the sample sampling rate, the hysteresis
controller shows much higher torque ripples. Therefore, the
sliding mode controller has benefits of constant switching
frequency and much lower sampling rate, which can possibly
reduce the cost of digital controller and acoustic noise. Both
simulation results and experimental results demonstrated that
the sliding mode controller is an alternative approach for realtime current control of SRM drives over the wide speed range
both in linear magnetic region and saturated magnetic region.
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