
energies

Article

A Novel Direct Torque Control Method Based on
Asymmetric Boundary Layer Sliding Mode Control
for PMSM

Qiang Song * ID , Yiting Li and Chao Jia

Beijing Co-innovation Center for Electric Vehicles, Beijing Institute of Technology, Beijing 100081, China;
liyiting@bit.edu.cn (Y.L.); jcllzy@126.com (C.J.)
* Correspondence: songqiang@bit.edu.cn; Tel.: +86-10-6894-9243

Received: 20 January 2018; Accepted: 8 March 2018; Published: 15 March 2018

Abstract: A novel direct torque control (DTC) method based on sliding-mode-control (SMC) strategy
is proposed for permanent magnet synchronous motor (PMSM) which is used in electric vehicles
(EVs). In order to improve the dynamic response time and enhance the robustness performance
against the external loading disturbances and motor parameter’s variation, a kind of SMC-based
torque controller and speed controller are designed to regulate the torque angle increment and the
speed respectively. The torque controller is designed based on a sliding mode controller with an
asymmetric boundary layer to reduce the overshoot. Compared with other DTC methods based on
space vector modulation (SVM) in the literature, the proposed DTC scheme adopts the asymmetric
boundary layer SMC instead of the proportional-integral (PI) regulator. The simulation results have
validated the effectiveness of the proposed SMC-based DTC method.

Keywords: direct torque control; permanent-magnet synchronous motor; sliding mode control;
asymmetric boundary layer; space vector modulation (SVM)

1. Introduction

In recent years, the study on Electric Vehicles/Hybrid Electric Vehicles (EVs/HEVs) has warmed
up due to the serious air pollution and the stringent regulations on emissions as well as constraints on
energy resources. For the electric propulsion systems in EVs/HEVs, permanent magnet synchronous
motors (PMSM) are extensively applied owing to the high efficiency, high power density and low
maintenance cost [1,2].

There are two common strategies for PMSM, Field-Oriented Control (FOC) and Direct Torque
Control (DTC), which can realize the motor’s high-performance operation. Different from the
decoupled current control in FOC, the conventional DTC uses two hysteresis regulators and a switching
table to control electromagnetic torque and stator flux linkage directly. So DTC strategy possesses
the merits of simple implementation, fast dynamic response, and good robustness against motor
parameters’ variation and external disturbances. Hence, the DTC is better than FOC for the application
of EVs which require high torque response [3]. However, this scheme has several major disadvantages,
namely large torque and flux ripples, variable switching frequency and high sampling requirement for
digital implementation [4]. To address these problems, numerous modified DTC methods have been
proposed from various perspectives. These methods are classified into several categories.

The basic idea is to add more available voltage vectors. The typical approach uses new hardware
topologies. In [5], a three-level inverter is employed instead of the classical two-level inverter, hence
generating 27 voltage vectors, and 19 of them are non-repetitive. In [6], a three-phase to three-phase
matrix converter is employed, and 21 voltage vectors are available in the DTC algorithm. However, in
order to use more voltage vectors, the hysteresis controllers must have more output levels. The stator
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flux vector space is subdivided into more sections and the switching table is expanded. Therefore, it
inevitably increases the complexity and hardware cost of the system.

In the classical DTC method, the voltage vector is utilized in the entire cycle of motor control.
If we can control the applied time of the active voltage vectors, the torque control will be more
accurate, and the torque and flux ripples can also be suppressed. Based on this thought, duty cycle
control is introduced in the DTC, which adjusts the duty ratio of the active voltage vectors. The key
point is how to obtain the duty ratio. Varieties of methods are proposed and differ in the optimization
objectives for duty cycle determination [7–9]. The method in [7] determines the duty ratio on the basis
of torque ripple RMS (Root-Mean-Square) minimization over one cycle. In [8], direct mean torque
control forces the mean torque equal to the reference value in one cycle. The author in [9] simplifies
the algorithm of duty cycle determination. He applies two adjacent active voltage vectors to the motor
control in each cycle, which can regulate the torque and flux precisely. In these strategies, many motor
parameters are used to calculate the torque slopes. Hence, the robustness of the system is deteriorated
and computation burden is increased. Furthermore, according to the condition where one unique duty
determination is used under different speed and torque, there always exists significant steady error
of torque.

Another category of the enhanced DTC schemes is incorporated of space vector modulation
(SVM). SVM-based DTC can generate voltage vectors with adjustable amplitude and phase, so it can
control the electromagnetic torque and stator flux more precisely. As a result, two main advantages can
be realized, namely, torque and flux ripples reduction and the fixed switching frequency. The core issue
of this strategy is how to obtain the reference voltage vector. There are several different methods in this
respect, such as deadbeat controller [10], torque predictive controller [11] and proportional-integral
controller [12].

The aforementioned strategies are proposed to achieve high-performance torque control, but
speed regulation is also important in traction applications. For instance, the speed control performance
of the electric motor has a great influence on the entire gear shifting process in the clutchless automatic
mechanical transmission systems [13]. In general, the PI controller is adopted in the speed loop for
improved DTC methods due to its simplicity and clear functionality [14]. However, a big drawback of
the PI controller is that the optimal PI control parameter is depend on the system itself and sensitive
to the system uncertainties. As a result, the system variations degrade the control performance
dramatically. To overcome this disadvantage, the sliding mode controller is used instead of PI controller
in electric drives. It features fast response, disturbances rejection and simple implementation.

This paper not only optimize the torque control in the DTC method, but also focuses on the speed
regulation. In order to reduce the torque ripples and fix the switching frequency, the SVM technique is
adopted, which an arbitrary reference voltage vector can be synthesized with two adjacent primary
voltage vectors and one zero voltage vector. Moreover, a SMC-based torque controller is used to
regulate the torque angle increment, and a novel SMC-based speed controller is designed instead of a
classical PI controller. Consequently, the proposed scheme improves the dynamic response time and
enhances the robustness performance against parameter variations and external loading disturbances.

The rest of this paper is organized as follows: Section 2 presents the principle of the conventional
DTC for PMSM. In Section 3, the improved DTC method is proposed and analyzed in details. The basic
control performance of the conventional and proposed schemes are studied and compared through
simulations in Section 4. This paper is concluded with a summary in Section 5.
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2. Review of Classical DTC for PMSM

2.1. The Definition of Primary Voltage Vectors

The primary voltage vector Vs for a three-phase machine with balanced sinusoidal distributed
stator windings is defined by the following equation:

Vs =
2
3

(
vα + vbej 2π

3 + vcej 4π
3

)
, (1)

where vα, vb and vc are the instantaneous values of the line-to-neutral voltages.
For the two-level voltage source converter (VSC)-fed PMSM system, as shown in Figure 1,

the primary voltages vα, vb and vc are determined by the status of the three switches Sα, Sb and Sc.
Therefore, there are six active voltage vectors and two zero voltage vectors. The spatial placement of
these eight voltage vectors in the α-β stationary reference frame is shown in Figure 2, and they can be
expressed as:

Vs

(
Sa Sb Sc

)
=

2
3

UDC

(
Sa + Sbej 2π

3 + Scej 4π
3

)
, (2)

where UDC is dc-link voltage.
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Figure 2. Eight voltage space vectors in α-β stationary reference frame. 

2.2. Model of PMSM 

The voltage and flux equations for a PMSM in the rotor d-q rotating coordinate can be described 
as the following equations: 
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Figure 1. Two-level, three-phase voltage source converter for permanent magnet synchronous motor
(PMSM).
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2.2. Model of PMSM

The voltage and flux equations for a PMSM in the rotor d-q rotating coordinate can be described
as the following equations: {

usd = Rsisd +
dψsd

dt − pmωrψsq

usq = Rsisq +
dψsq

dt + pmωrψsd
, (3)

{
ψsd = Ldisd + ψ f
ψsq = Lqisq

, (4)

where

usd, usq—stator voltage of d and q-axis,
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isd, isq—stator current of d and q axis,
ψsd, ψsq—stator flux linkage of d and q-axis,
Ld, Lq—inductances of d and q-axis,
Rs—stator resistance,
ψ f —permanent magnet flux, and

ωr—rotor mechanical speed.

And the electromagnetic torque equation is expressed as:

Te =
3
2

pm
(
ψsdisq − ψsqisd

)
, (5)

where pm is the number of pole pairs.
So the dynamic equation is given as:

J
dωr

dt
= Te − TL − Bωr, (6)

where J is moment of inertia, Te is motor torque load, and B is coefficient of viscous friction.
The torque equation in terms of δ and other motor parameters is given by:

Te =
3
4

pm|ψs|
LdLq

[
2ψ f Lq sin δ− |ψs|(Lq − Ld)sin(2δ)

]
(7)

where |ψs| is the magnitude of the stator flux linkage.
For a surface PMSM, namely, Ld = Lq = Ls, the equation can be simplified as:

Te =
3pm

2Ls
|ψs|ψ f sin δ (8)

From this equation, the torque can be controlled directly by regulating the torque angle δ if the
amplitude of the ψs is kept constant. Furthermore, the torque increases with the increase of δ.

2.3. The Control of the Amplitude of Stator Flux Linkage

The stator flux linkage in the α-β stationary reference frame can be expressed as

ψs =
∫

(us − Rsis)dt. (9)

During the switching interval, every voltage vector can be regarded as constant, and equation can
be rewritten as:

ψs = ust− Rs

∫
isdt +ψs|t=0, (10)

where ψs|t=0 is the initial stator flux linkage.
The equation implies that ψs will move in the direction of the applied voltage vector if the stator

resistance is neglected. Therefore, the amplitude of stator flux linkage can be increased or decreased
by selecting the proper voltage vector. Figure 3 shows how the voltage vectors are selected for keeping
ψs within a hysteresis band |∆ψs|. There are six independent sectors setting in the whole vector plane
(θi, i = 1–6).
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Figure 3. Control of the amplitude of stator flux linkage.

According to above analysis, torque and stator flux can be controlled directly by selecting an
appropriate inverter voltage vector to regulate the torque and flux within their respective hysteresis
bands. The illustration of the voltage vector’s effects on the stator flux and torque is shown in Figure 4,
which the stator flux vector ψs is located at sector 1 and rotates anticlockwise. The voltage vector
V2(110) can increase the torque and stator flux magnitude simultaneously. The voltage vector V5(001)
can reduce both the stator flux magnitude and torque. Applying V3(010) enlarges the torque but
decreases the stator flux magnitude. Similarly, V6(101) reduces the torque and increases the stator flux
magnitude. The similar results can be extended easily for all the other sectors accordingly.
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2.4. Implementation of DTC for PMSM

The standard scheme of DTC for PMSM is shown in Figure 5. The torque and stator flux control
signals εT and εψ are generated by torque and flux hysteresis controllers respectively, which are
defined as:

εT =

{
1, to increase Te

0, to decrease Te
, (11)
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εψ =

{
1, to increase ψs

0, to decrease ψs
. (12)

The six-vector switching strategy for controlling both the amplitude and rotating direction is
shown in Table 1. εT , εψ and the position of stator flux linkage vector are the inputs of the switching
strategy. Consequently, the vector of voltage makes the flux rotates and produces the needed torque.

Table 1. Six-vector switching table for converter.

θ1 θ2 θ3 θ4 θ5 θ6

V2(110) V3(010) V4(011) V5(001) V6(101) V1(100)
V6(101) V1(100) V2(110) V3(010) V4(011) V5(001)
V3(010) V4(011) V5(001) V6(101) V1(100) V2(110)
V5(001) V6(101) V1(100) V2(110) V3(010) V4(011)
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In the α-β stationary reference frame, the components of the stator flux linkage are estimated via{
ψsα =

∫ t
0 (usα − Rsisα)dt + ψsα|t=0

ψsβ =
∫ t

0

(
usβ − Rsisβ

)
dt + ψsβ|t=0

, (13)

where ψsα|t=0 and ψsα|t=0 are the initial components of the stator flux linkage.
The flux amplitude and its phase are derived from:

|ψs| =
√

ψ2
sα + ψ2

sβ, (14)

θs = arctg
ψsβ

ψsα
. (15)

The electromagnetic torque is estimated by:

Te =
3
2

Pn
(
ψsαisβ − ψsβisα

)
. (16)
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3. Proposed DTC Method

3.1. Generation of Reference Voltage Vector

The conventional DTC uses a limited number of voltage vectors with specific amplitude and
fixed direction in each control period, while the SVM-based DTC can synthesize an arbitrary reference
voltage vector with multiple vectors in each sampling interval. How to obtain the reference voltage
vector is core to the process. In [15,16], the commanding voltage vector can be obtained through the
reference stator flux vector in stationary reference frame. The method is named as reference flux vector
calculator (RFVC). It calculates the expected voltage vector according to the load angle increment,
the estimated position of the stator, and the amplitude of the reference flux linkage.

The stator voltage and its discrete form can be transformed from Equation (9) into the
following equation:

us(k + 1) =
ψ∗s (k + 1)−ψs(k)

Ts
+ is(k)Rs, (17)

where Ts is the sampling interval. us(k + 1) is the required voltage vector that forces flux linkage to
reach the reference flux linkage vector ψ∗s at the end of the next sampling interval. Their relationship
is shown in Figure 6. Equation (17) can be decomposed in αβ reference frame and are rewritten as: usα(k + 1) = ψ∗sα−ψsα

Ts
+ isα(k)Rs

usβ(k + 1) =
ψ∗sβ−ψsβ

Ts
+ isβ(k)Rs

, (18)



ψ∗sα =|ψs|∗ cos(θs + ∆θs)

ψsα = |ψs(k)| cos θs

ψ∗sβ =
∣∣∣ψs

∣∣∣∗ sin(θs + ∆θs)

ψsβ = |ψs(k)| sin θs

∆θs = Tsωr pm + ∆δ

. (19)
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3.2. Design of SMC-Based Torque Controller

From the equation, the relation between the error of torque and the increment of load angel ∆δ

is nonlinear. In [15,16], the PI controller is used to generate the load angel increment required to
minimize the error between reference Te

∗ and actual torque. However, owing to the characteristic
of the PI controller, the performance varies according to the gain and can also be degraded under
system uncertainties.
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In this paper, a novel SMC-based torque controller is used to regulate the torque angle increment.
Its main objective is to control torque of the motor fast and accurately. In the state space, a switching
algorithm is used to move the state trajectory onto a selected surface. The sliding surface is chosen to
realize the first-order dynamics, the sliding mode operation is followed:

ST = xT + KT
•

xT , (20)

where xT = T∗e − Te is the torque error, and KT is the positive control gain.
The operation of sliding mode restricts the controlled state onto corresponding sliding surface,

namely ST =
•

ST = 0. The equivalent dynamics can be defined in this condition.

xT = −KT
•

xT . (21)

In order to restrain the shock, a boundary layer was set up for the sliding surface and inserted a
linear region.

The control law for the load angle increment is selected as:

∆δ =


u+ = ∆θsmax − Tsωrpm i f : ST > φt

+

K1ST i f : φt
−<ST<φt

+

u− = −∆θsmax − Tsωrpm i f : ST < φt
−

, (22)

where K1 is the proportional gain in the boundary layer and Ts is the sampling period. u is the control
rate of the SMC. φt is the width of the SMC boundary layer. ∆θs is restrained by the maximum voltage
vector of the electric power capacity.

∆θsmax is the maximum flux linkage angle increment. It can be expressed as follows:

∆θsmax = 2arcsin(2|ψs|/UDCTs) . (23)

Compared to the conventional SMC, the proposed method combined a proportional section in
the boundary layer. Proportional gain K1 can converge the system state to the sliding mode surface
faster when the error is large. The system state can be restricted onto the surface ST by the control law
in the sliding mode.

The PMSM’s DTC control system cannot use a typical symmetry maximum control input, because
the control input u has an extra item Tsωr. As it shown in the Equation (22), the rising edge control
input u+ is different from the falling edge control input u−, due to this extra item which is related to
the current motor speed. When the speed is high, the response of torque falling is easily overdone
on the falling edge because of |u−| > |u+|. In order to solve this problem, a unique dynamic
asymmetric boundary layer is designed for this asymmetric SMC control input to improve robustness.
The thickness of the boundary layer on both sides of the sliding surface depends on the speed and K2.
It can be expressed as follows:

φt
+ = K2(1− Tsωrpm/∆θsmax)

φt
− = K2(−1− Tsωrpm/∆θsmax)

. (24)
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This method adds a proportional section inside the SMC boundary and design a dynamic
asymmetric boundary. It can converge the system state to the sliding mode surface faster with
low overshoot and high robustness.

3.3. Design of SMC-Based Speed Controller

To design the SMC-based speed controller, the dynamic torque Equation (6) can be rewritten as:

.
ωr =

1
J
(Te − TL − Bωr). (25)

The speed error xr is chosen as the state variable, namely xr = ω∗r − ωr. Where ω∗r is the
reference speed.

The derivative of xr is expressed as:

.
xr = −

.
ωr =

1
J
(TL + Bωr − Te). (26)

In order to achieve fast convergence and strong robustness, the switching surface is designed as:

Sr = xr + Kr
.
xr, (27)

where Kr is a linear feedback gain. When the state trajectory of system Equation (26) is trapped on the
switching surface, namely Sr =

.
Sr = 0, the equivalent dynamics of the system is governed by:

.
Sr =

.
xr + Kr

..
xr =

KrB− J
J2 (Te − TL − Bωr). (28)

According to the sliding surface, a control law is designed, which guarantees the existence of the
sliding mode.

.
Sr = −K3Gsw(Sr). (29)

The speed controller can be designed as:

Te =
J2

J − KrB
K3Gsw(Sr) + TL + Bωr, (30)

where K3 is the switching gain and Gsw() is a switch function.
In order to restrain the shock, a boundary layer was set up for the sliding surface and inserted a

linear region. Gsw() is designed as:

Gsw(Sr) =

{
sgn(Sr) if:|Sr| > δr

KpSr + Ki
∫

xrdt if:|Sr| ≤ δr
, (31)

where δr is thickness of the boundary layer and Kp is the proportional gain in the boundary layer.
In order to eliminate the steady state error, inserted an integral of xr in the boundary layer.

The control structure of proposed DTC method is presented in Figure 7.
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4. Simulation Results and Comparison

To test the effectiveness of the proposed asymmetric boundary layer SMC-DTC method,
a contrastive simulation is done in the MATLAB/Simulink software. The performance of the proposed
SMC-DTC method is contrasted to the conventional DTC method and symmetric boundary layer
SMC-DTC method. The conventional DTC method is the PI controller-based DTC (PI-DTC) in [15,16].

In order to compare the performance of asymmetric boundary layer SMC-DTC, symmetric
boundary layer SMC-DTC and PI-DTC in a similar condition, the motor parameters and control period
in all the simulations are adjusted to the same. Here are motor parameters in Table 2.

Table 2. Parameters of PMSM.

Parameter Value Unit

Voltage supply 300 V
Rated speed 2000 rpm
Rated torque 40 N·m

Rated current (RMS) 28 A
Flux linkage 0.1821 Wb

Number of pole pairs 4 -
Stator resistance 0.129 Ω
q-axis inductance 0.00153 H
d-axis inductance 0.00153 H
Inertia moment 0.001 kg·m2

Viscous friction coefficient 0.0019 N·m·s/rad

4.1. Torque Response in Transient-State Operation

For validating the dynamic response of torque control, rotor is set to be a constant speed of
1500 rpm, the torque command increased from 0 N·m to 40 N·m at the time of 20 ms and decreased to
0 N·m at the time of 30 ms.

The simulation results of asymmetric boundary layer SMC-DTC and conventional DTC method
are presented in Figure 8. SMC-DTC1 is the result of asymmetric boundary layer one. It has a good
performance on both the rising edge and the falling edge. The conventional DTC method has a sharp
torque ripple and a steady error.

The simulation results of asymmetric boundary layer SMC-DTC and symmetric boundary layer
SMC-DTC are presented in Figure 9. SMC-DTC1 is the result of asymmetric boundary layer one.
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SMC-DTC2 and SMC-DTC3 are the results of symmetric boundary layer SMC-DTC, |φt
+|=|φt

−|.
SMC-DTC2 is the result of narrow symmetric boundary layer one. It has a good performance on
the rising edge, but there is a severe overshoot in the falling edge. SMC-DTC3 is the result of wide
symmetric boundary layer one. It has a good performance on the falling edge, but the rising time is
longer. Because of |φt

+|<|φt
−|, the asymmetric boundary layer SMC-DTC has a good performance on

both the rising edge and the falling edge.
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The simulation results of asymmetric boundary layer SMC-DTC and PI-DTC are presented in
Figure 10. PI-DTC1 and PI-DTC2 are the results of PI-DTC, but they used different parameters.
PI-DTC1 has no overshoot but the rising time is longer. PI-DTC2 has a short rising time but the
overshoot is bigger. Compared with PI-DTC, the asymmetric boundary layer SMC-DTC has shorter
response time and less overshoot.

The response time and the statistical data between 20 ms and 30 ms are listed in Table 3. In this
paper, torque ripples are computed according to the formula:

Trip =

√√√√ 1
N

N

∑
i=1

(Te(i)− Te−ave)
2, (32)

where N is the number of samples, and Te−ave is the average values of the torque.



Energies 2018, 11, 657 12 of 15

Table 3. Torque response.

Result- Conventional DTC SMC-DTC1 SMC-DTC2 SMC-DTC3 PI-DTC1 PI-DTC2 Unit

Rising time 0.95 0.58 0.6 1.7 1.7 0.6 ms
Falling time 0.13 0.46 0.4 0.5 1.9 0.5 ms

Te−ave 31.9 39.9 39.9 3.98 40 40 N·m
Trip 11.55 0.58 0.5 0.46 0.39 0.38 N·m

In contrast to the conventional DTC methods, the PI-DTC and SMC-DTC methods have smaller
torque ripples and higher accuracy.
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4.2. Stator Phase Current in Steady-State Operation

The waveform of the stator phase-A current for different control methods is shown in Figure 11.
The total harmonic distortion (THD) of one cycle is 41.9%, 2.63%, and 2.84% with respect to the
conventional DTC, PI-DTC and SMC-DTC. Therefore, the SVM technique in PI-DTC and SMC-DTC
methods can effectively eliminate harmonic current.
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4.3. Speed Response

To validate the performance of speed control, the speed command changed from 1000 rpm to
2000 rpm at the time of 10 ms and decreased to 1500 rpm at the time of 40 ms. The results are pictured
in Figure 12.
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In the rising stage, the speed overshoot is 64 rpm and 9 rpm with respect to the PI-DTC and
SMC-DTC. In the falling stage, the speed overshoot is 165 rpm and 31 rpm respectively. The speed
regulation under SMC method has a less overshoot and a higher control accuracy.

4.4. Robustness against the Load Disturbances

To validate the performance of speed control, the reference speed was maintained at 1500 rpm.
The load torque is rising from 0 N·m to 10 N·m at the time of 50 ms. The emulated results of load
disturbance rejection properties in two methods are presented in Figure 13. The speed drops are
13 rpm and 6 rpm with respect to the methods of PI-DTC and SMC-DTC. The speed regulation under
SMC-DTC method reduce speed drop and enhances robustness against the load disturbances.
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5. Conclusions

In the high-performance electric drive applications, fast and robust control of torque and speed are
required. The traditional DTC method experiences high torque ripples and harmonic current. The PI
controller in speed loop decreases the performance of dynamic response, and reduces the robustness
of speed regulation. This paper has proposed a novel SMC-based DTC method, which regulates
torque by adjusting the torque angle increment. The torque ripples and current distortion have been
significantly suppressed by introducing the SVM technique. The overall DTC scheme eliminated
the use of PI controller. The SMC-based torque controller and speed controller are both designed in
order to achieve faster dynamic response, and enhance the robustness against torque disturbances and
machine parameters’ variation. In addition, the torque controller is designed as asymmetric boundary
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layer SMC, which has a shorter response time and less overshoot than the symmetric boundary layer
SMC. The simulation results have validated the effectiveness of the proposed DTC method.
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