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Abstract: In this paper, a sliding mode control is presented for direct torque and stator flux control
of interior permanent magnet synchronous motor in a rotor speed sensorless drive system. The
control scheme is developed in a specific synchronous rotating reference frame (X-Y) in which the
stator current space vector coincides with the direct (X) axis. For this control technique no need to
have any knowledge of machine parameters such as stator two-axis inductances, rotor permanent
magnets flux linkage, and even the rotor initial position. However, the on-line actual stator resistance
value is required to estimate the stator flux components in the stator stationary two-axis reference
frame. In this control strategy, two simple methods are described for estimating the rotor speed and
stator resistance. Some simulation and experimental results are presented to support the validity and
effectiveness of the proposed control scheme.

Keywords: interior permanent magnet synchronous motor; motor drive; sensorless control; sliding
mode control; stator-current reference frame

1. Introduction

High efficiency and power factor, high torque/ampere ratio, high reliability, and
rugged structure of interior permanent magnet synchronous motor (IPMSM) have made it
common in the industry. The performance of this motor is greater than the performance of
the surface-mounted permanent magnet synchronous motor and the induction motor. Since
the past decade, IPMSM’s variable-speed applications have been seen. Also in Europe,
the use of the IPMSM for electric vehicle traction and hybrid electric vehicle applications
has been discussed. In these applications, the main features of IPMSM are uncomplicated
construction with conventional 3-phase stator windings, with low current density, and a
rotor with inner fragmental permanent magnets [1–3].

A direct flux vector control scheme employs one proportional-integral (PI) controller,
space vector modulation (SVM) with a fixed switching frequency, and low torque ripple
are proposed in [4,5]. Utilizing the (x-y) stator flux field-oriented reference frame and (d-q)
rotor reference frame of IPMSM, the ordinary current PI controller has been used for direct
torque (DT) and flux control of this machine drive system [4–7].

Notice that the system strength and stability are weak against the motor parameter
variations and load disturbances with conventional PI controller [8]. One method refers
to the adaptive input-output feedback linearization control (AIOC) scheme among the
efficient nonlinear control methods [9–11]. In [9–11], the full knowledge of actual machine
inductances (Ld, Lq), stator resistance (rs), rotor permanent magnets flux linkage (λm), and
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rotor initial position (θr0) are necessary to develop the control strategy. The research works
described in [10,11] need the mechanical rotor speed sensor. Besides, the control methods
proposed in these references have been supported only by simulation results.

Recently, sliding mode control (SMC) has been used in variable structure control
strategies in different studies of AC servo-drive control systems [12–16]. Many good
properties such as good performance against non-modeled dynamics, can be presented
by SMC insensitivity to external disturbance, parameter variations, and fast dynamic
response [17]. A SMC has been outlined in [18] for DT and flux control of the IPMSM drive,
as a result, the rotor speed is estimated by an extended Kalman filter observer. Notice that
this mentioned observer needs to know the actual machine parameters (Ld, Lq, rs, λm, θr0).
Furthermore, a sliding mode observer is used to estimate the IPMSM parameters, stator
flux, rotor position, and the rotor angular speed in [19,20].

So far the only method used for DT and stator flux control of IPMSM that does not
need to know the full acknowledge of the motor parameters (d-q) inductances (Ld, Lq)
and the rotor permanent magnets linkage fluxes (λm) has been developed in the stator
flux field-oriented reference frame, which uses the usual PI controllers [7]. Two separate
observers have been developed for the estimation of stator resistance and rotor speed.
These observers need to know the actual values of motor inductances (Ld, Lq) and also
the rotor permanent magnets flux linkages (λm). In [7], a practical look-up table has been
acquired for the parameter (Ld) as a function of the stator current (Is), however, the nominal
value of (Lq) has been used in the abovementioned observers. In fact, the control method
described in [7] is motor parameter-dependent, although the stator flux field reference
frame has been used.

Therefore, the control method schemes applied to IPMSM drive systems so far, have
been mostly the IPMSM drive systems dependent parameters control approaches. Al-
though a few authors and researchers tried to propose some control schemes that could
solve the problems that counter fronted with these electric motor drive systems [17–25], the
non-linearity problems such as magnetic saturation, skin effects, and temperature as well
as the uncertainties that exist in these electric motion drive system parameters had not been
completely solved until the electric independent control schemes reported in [26,27]. It may
be noted that the IPMSM rotor frame two-axis stator reactances, stator resistance, and the
rotor permanent magnets flux linkage cataloged values, all seriously vary during the drive
system different operating conditions because of the above-mentioned problems. It may
also be noted that the IPMSM drive system rotor permanent magnets linkage fluxes mostly
vary with temperature. However, the stator resistance and its two-axis reactances could
roughly vary about fifty to one hundred percent of their nominal values. One way to come
up with these problems is online estimating the mentioned parameters under persistency
of excitation (PE) condition to be valid [25]. It is not necessary to mention that there is no
way for online estimation of IPMSM rotor flux linkages both in theory and practice.

One more important point that should be noted in the machine drive systems like
IPMSM drive systems is that their electric parameters given in the corresponding catalogs
are measured in the machine nominal operating conditions work as the main frequency
voltage-fed motors. Therefore the simulation and practical results obtained by these
uncertain parameters are really not accurate and have considerable errors compared to
their actual perfect results.

In [25], a Lyapunov-based adaptive control scheme has been explained that online
estimates the IPMSM stator two-axis reactances, and a simple method has also been
proposed for the stator resistance estimation. That method controls the decoupled reference
values relating to stator squared flux and the motor drive system electromagnetic generated
torque. The control method of [25], still needs to know the rotor initial mechanical position
angle as well as the value of rotor flux linkages. It also has a high computation time and
computer saving memory. Its main weakness is that for different drive system operating
conditions, the estimated stator two-axis reactances converge to their pre-decided chosen
values, having proved the validation of the PE condition. That means still the values of
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the mentioned parameters are uncertain and the controller law produces the step by step
two-level three-phase SVM-PWM inverter voltage references based on using the nominal
values of the stator two-axis reactances.

To solve the mentioned problems, a real independent parameter control scheme has
been reported in [26] that used the stator two-axis voltage equations obtained in the stator
current space-vector oriented two-axis reference frame. In these equations, the two-axis
stator reactances and the rotor flux linkages parameter have not appeared and therefore the
mentioned non-linearity and uncertainty problems, have not existed and have really been
solved. The proposed method doesn’t need to know the values of rotor initial mechanical
position angle and the rotor flux linkages as mentioned earlier. That control system has
used the AIOC scheme in order to decoupled control the reference values of the stator
squared flux and the motor drive system electromagnetic generated torque as well as to
on-line estimate the value of stator resistance.

Also, another independent parameter control approach based on using the stator
voltage equations obtained in the stator flux space-vector field-oriented reference frame
has been described in [27]. The independent parameters control technique proposed in this
paper is in fact a continuation of the research work reported in [26] with the replacement
of the sliding mode control scheme for the AIOC scheme that has been used in [26]. This
controller has a fast dynamic response and is a simple and easy implementation control
scheme and is a good stable and robust control method with a high disturbance rejection
characteristic compared to other nonlinear control methods.

In this paper, a sliding mode DT control is described for IPMSM drive which is
developed in the stator current space-vector oriented reference frame (X-Y) where X
coincides with the stator current space-vector. In this reference frame, both the two-axis
stator voltage equations have derivative terms, and it makes the implementation of the
SMC easy.

SMC has been chosen in this paper because of its fast and rapid dynamic response
as well as because of its easy practical implementation and not really needing to use its
other inherent characteristics as mentioned earlier. Using the SMC approach in either of
the electric machine drive systems or in controlling the power electronic converters that
are linked with PWM voltage inverters, can be easily prevented the three-phase PWM
voltage inverters to be saturated. That can be achieved just by quickly reducing the SMC
gain automatically. The PWM voltage inverter saturation means that the amplitude of
its reference voltages suddenly changed to a level very close or higher than the DC-link
capacitor voltage. In this case, the PWM operation mode of the inverter failed and it rapidly
converted to a simple square wave shape voltage inverter that could cause the electric motor
drive systems used to be magnetically saturated heavily and quickly. In this condition,
the mentioned system protection needs to operate faster in order to switch off the inverter
from the rest of the hardware system equipment. Imagine the three-phase induction motor
drives that are usually used in the steel mill making factories or in navigation systems
and the IPMSM motor drive systems that have recently been used in electric vehicles, in
aircrafts systems, and a few electric army weapons, if either of their PWM voltage inverters
is quickly saturated, that can be ended to very dangerous events or huge economic losses.
The second reason that the SMC scheme has been used in this paper, has been to complete
our past research works in this field. Moreover, the same developed and implemented
hardware system including the same two-level three-phase SVM-PWM voltage sensorless
inverter that has been explained in [27] and originally was being taken from [28] used
to get the practical results for the motor drive system under consideration. Moreover,
in contrast to the method discussed in [7,27], in this paper, simple and fast rotor speed
and stator resistance observers are presented which do not need to know the IPMSM
two-axis inductances.

Noticing that our simulation results are obtained by solving the IPMSM voltage
equations in the rotor (d-q) reference frame, one needs to know the motor inductances
(Ld, Lq) and also the rotor permanent magnets flux linkages (λm). Therefore the full
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acknowledgment of the machine parameters is only required for our simulation results
and not really in our experimental implementation. Simulation and experimental results
verify the effectiveness and capability of the proposed control method.

Lastly, it is worth mentioning that the simulated and practical obtained results shown
in the present paper, are totally precise and accurate similar to actual results and that is
because of using an independent parameter control scheme as mentioned before.

2. Analytical Approach
2.1. Sliding Mode Control of Ipmsm

Referring to Figure 1, the stator-current space vector angle with respect to the direct
axis of stator stationary reference frame is obtained by:

ρ̂i = Tan−1
(

iQS

iDS

)
(1)

where iDS and iQS are the stator currents in the (DS-QS) stationary reference frame.
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Figure 1. Relationship of spatial (X-Y) and stationary (DS-QS) reference frames.

As shown in Figure 1, applying the following transformation matrix, the machine
variables are transformed from (DS-QS) stationary reference frame to stator current space
vector oriented reference frame (X-Y):[

FSX
FSY

]
=

[
Cos(ρi) Sin(ρi)
−Sin(ρi) Cos(ρi)

][
FDS
FQS

]
(2)

where F denotes the voltage, current, or stator flux linkages.
Also, the machine state-space equation in the (X-Y) reference frame is given by [29]:

.
X = F(X) + G(X) V (3)

with:
X =

[
x1 x2

]T
=
[

λSX λSY
]T (4)

F(X) =

[
f1
f2

]
=

[
−rsiSX + ωeiλSY
−ωeiλSX

]
(5)

G(X) =

[
1 0
0 1

]
; V =

[
vSX
vSY

]
(6)

where vSX and vSY are X-Y axes stator voltages, iSX and iSY are X-Y axes stator currents,
λSX and λSY are X-Y axis stator flux linkages, rs is the stator resistance, and ωei is the stator
current electrical angular speed.
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Defining the motor output variables as:

y1 = Te = AλSYiSX

y2 = λ2
S = (λSX)

2 + (λSY)
2 (7)

where Te is the motor electromagnetic torque and λs is the amplitude of the stator link-
age flux.

Therefore the motor error dynamics model in (X-Y) reference frame is obtained as:

.
e=H+D U (8)

with:
.
e =

[ .
eT.
eλ

]
; H =

[
−AωeiiSXλSX + AλSY

diSX
dt −

dT∗e
dt

−2rsiSXλSX − d(λ∗s )
2

dt

]
;

D =

[
AiSX 0
2λSY 2λSX

]
; U =

[
vSY
vSX

] (9)

where:
eT = Te − T∗e

eλ = λ2
S − λ∗S

2 (10)

where superscript “*” denotes the referenced value.
Using the sliding mode switching surfaces defined by:

S1 = eT + k1
∫

eT dt
S2 = eλ + k2

∫
eλ dt

(11)

where k1 and k2 are positive coefficients. Referring to [30], when the system states reach
the sliding manifold and slide along the surface, it is approved that:

S1 =
.
S1 =

.
eT + k1eT = 0

S2 =
.
S2 =

.
eλ + k2eλ = 0

(12)

Combining (8), (10), and (12) results in:

.
S = C + DU (13)

.
S =

[ .
S1.
S2

]
; C =

[
−AωeiiSXλSX + AλSY

.
iSX −

.
T
∗
e + k1eT

−2rsiSXλSX −
.
λ
∗
S

2 + k2eλ

]
(14)

From (13) and (14), the equivalent SMC law is:

U = −D−1C (15)

To guarantee the sliding mode reaching phase, the following control effort is fi-
nally used:

U∗ = −D−1{C + Λ}, Λ =

[
λ1 0
0 λ2

][
sat(S1)
sat(S2)

]
(16)

where λ1 and λ2 are the sliding mode’s positive control gains and ϕi is the positive
switching coefficient. sat(Si) is the well-known saturation function used to reduce the SMC
chattering effect [30].

Candidating a Lyapunov function as:

V =
1
2

S2
1 +

1
2

S2
2 ≥ 0 (17)



Energies 2021, 14, 2365 6 of 13

Derivative of V with respect to time results in:

.
V = S1

.
S1 + S2

.
S2 (18)

Combining (13) and (18) gives:

.
V = −λ1S1sat(S1)− λ2S2sat(S2) (19){

i f Si < 0⇒
.
Si = +λi ⇒

.
SiSi < 0

i f Si > 0⇒
.
Si = −λi ⇒

.
SiSi < 0

i = 1, 2 ⇒
.
S1S1 +

.
S2S2 < 0

(20)

Therefore
.

V < 0 and as a result, the control system becomes asymptotically stable.
As isx needed to build up first, therefore, the following approximate equation is used

to calculate the Y-axis reference voltage for a few initial steps:

v∗SY = ωeiλSX (21)

After building up the stator current (isx), the actual equation corresponding to v*
SY

given in (16) is used. It is worth mentioning that in the first step of calculations, it is
required to estimate the two stator axis fluxes (λSX(0), λSY(0)). These are acquired from
rotor magnet flux according to the following equations:

λSX(0) = λmCos(ρi(0))
λSY(0) = λmSin(ρi(0))

(22)

From (22), the initial current vector angle ρi(0) and even the rotor permanent magnets
flux linkage (λm) do not need to be the actual values. The error only appears in the first
step of estimating the stator fluxes, if the wrong values for these quantities are obtained,
but in the subsequent steps, this error is automatically corrected.

2.2. Ipmsm Rotor-Speed Estimation

Generally, an absolute encoder can detect the accurate rotor position. This sensor is
extremely sensitive to vibration and ambient temperature. To overcome these problems,
the estimated values of the rotor position and angular speed are used in the sensorless
control method instead of using speed and position sensors.

Referring to Figure 1, one can be obtained:

ρ̂i = δ̂i + θ̂r ⇒
dρ̂i
dt

=
dδ̂i
dt

+ ωr (23)

where ρ̂i is the estimated angle of space current vector obtained from (1), δ̂i is the stator
currents space vector with respect to the rotor d axis. In this control method according to
the block diagram shown in Figure 2, the motor speed is estimated online by taking the
time derivative of stator-current space vector angle.
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Referring to (23), it is recognized that in transient state conditions, the rotor electrical
angular speed is not exactly equal to the derivative of ρ̂i due to the derivative term of δ̂i.
Since the IPMSM has a fast dynamic response, consequently, the high-frequency variation
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generated in the rotor speed ω̂r due to the term of ( dδ̂i
dt ) is filtered out by a low pass filter

(LPF) that we have used in Figure 2.

2.3. Stator Resistance Estimation

As shown in Figure 3, a conventional PI controller is employed for stator resistance
estimation. The input of this PI controller is the error between the online stator current
reference (I∗s ) and its corresponding actual value (Is) which is obtained as:

I∗s = i∗sx =
T∗e
λsy

(24)

The error between the real stator current and its reference is passed through an LPF.
The reason why the cut-off frequency of LPF is chosen to be very low is that it should
attenuate the high-frequency components. One may note that inaccuracy in stator resistance
causes an inaccuracy in the estimated stator flux components in (DS-QS) stationary axis.
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3. Results
3.1. Simulation Results

The control approach described in this paper is practically a motor parameter inde-
pendent method as described in the paper introduction part. This control scheme has been
implemented in the stator currents space vector-oriented reference frame which needs
only stator two-axis currents and stator two-axis flux linkages. The stator currents are
sampled by the sensors and stator two-axis fluxes are obtained in the stationary stator
two-axis reference frame which no need to know the machine inductances. That means,
the proposed control scheme only needs to know the stator resistance estimation and
no need to have any knowledge of (Ld, Lq, λm) and even rotor initial position (θr0) for
practical implementation.

Noticing that, the simulation results are obtained based on solving the IPMSM voltage
equations in the rotor (d-q) reference frame which needs to know the motor inductances
(Ld, Lq) and also the rotor permanent magnets flux linkages (λm). Therefore the full
acknowledgment of the machine parameters is only required for our simulation results
and not really need for our experimental implementation. Moreover, in these simulation
conditions, we consider some step changes in motor parameters of (Ld, Lq, rs), and it has
been shown that the motor dynamic performance is still robust and stable. Simulation
results are obtained for an IPMSM with parameters given in Table 1. Table 2 demonstrates
the controller parameters.

Table 1. Parameters of the IPMSM.

P (Pole Pairs) 2

rs 21.5 Ω

λm 0.493 Wb

Ld 0.3 H

Lq 0.8 H

Pn 300 W

Is 1.1 A

f 50 Hz
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Table 2. Gains of control system.

PI (Speed Controller) KP = 0.05 KI = 0.15

Positive constant K1 = 375 K2 = 890

SMC positive control gains λ1 = 1.55 λ2 = 1.55

Considering the magnitude of squared stator reference flux of λs
*2 = 0.465 (Wb)2,

the speed of the rotor at t = 0 s is stepped from zero to 600 rpm and at t = 3 s changes
from 600 rpm to 750 rpm. The stator resistance of the motor is changed from rs = rsn to
rs = 1.2 rsn at t = 6 s; motor d and q inductances stepping reducing from nominal values to
0.8 of nominal values at t = 9 s; and finally the λs

*2 is stepped down from 0.465 (Wb)2 to
0.435 (Wb)2 at t = 12 s, in order to explore the impact of parameter variations on the motor
performance. Simulation results of these tests are indicated in Figure 4.
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Referring to Figure 4a,b, the average of the electromagnetic torque and stator flux,
accurately follow their reference corresponded values. Also, the motor parameter step
changes have not affected the motor stability and its dynamic performance.

3.2. Experimental Methodology
3.2.1. Experimental Setup

The general block diagram of the suggested nonlinear control system is indicated in
Figure 5. To evaluate the results of the proposed control method, an experimental test
under real operation conditions is carried out and shown in Figure 6. This setup includes
a PC as a motor-drive main processor to monitor the registered waveform; a three-phase
SV-PWM inverter and its isolation board to feed the main motor; a measurement board
to sample voltage and current vector; a CPLD intermediate board to implement real-time
switching patterns utilizing a switching frequency of 5 kHz; a 32 channels converter card of
analog to digital (A/D); a 48 bits digital input-output card (DIO) and a permanent magnet
DC generator which is connected to the resistive load to stimulate IPMSM load torque.
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Figure 5. Block diagram of proposed IPMSM drive system control.

A digital Advantech PCI-1751 I/O board connects CPLD to the PC as a parallel
processor to boost the speed. The following tasks are realized by the CPLD in the experi-
mental setup:

• Generating the switching pattern of IGBT switches based on the symmetrical SV-
PWM technique;

• Giving a helpful dead time in the so-called switching patterns of power switches;
• Generating the synchronizing signal for data transmission between the PC and hardware;
• Shutting down the inverter emergency conditions to stimulate over current or PC

hanging states.

Hall-type LEM sensors are used to take a sample of DC-link voltage and stator phase
currents. A separate second-order Butterworth low-pass filter is utilized to filter all the
measured signals and then a 12-bit PCI A/D card with a sampling rate of up to 100 kS/s
is used to convert them to digital signals. A usual brush-type permanent magnet DC
generator, connected to the resistance load, is used as the IPMSM load.
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3.2.2. Experimental Results

In this section, assuming the magnitude of the squared stator reference flux of
λs

*2 = 0.465 (Wb)2; stepping up speed reference from zero to 600 rpm at t = 0 s; step-
ping up to 750 rpm at t = 3 s, and eventually the λs

*2 is stepped down from 0.465 (Wb)2 to
0.435 (Wb)2 at t = 6 s. The experimental results for these tests are shown in Figure 7.

Referring to Figure 7, the rotor angular speed, the motor generated electromagnetic
torque, and the stator linkage flux variations have followed their corresponding desired
reference values very well. It is worth noting that, the only difference between the computer
simulation results and the corresponded practical test results is related to the fact that, in the
practical test it is not possible to step change the motor parameters and this is only applied
in the computer simulation. This is merely to show that the proposed control system is
completely independent of the motor real parameter values and even the parameters step
changes could not affect the motor performance and stability.

Comparing the experimental results with the related simulation results shown in
Figure 4, it can be seen that a good agreement occurs between these two sets of results.
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Figure 7. Experimental results of IPMSM drive: (a) torque and speed, (b) square of stator flux, (c) X-
and Y-axis component currents, (d) error of speed.
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4. Conclusions

In this paper, a new DTC method has been proposed for the IPMSM drive that is
developed in the synchronous stator current space vector orientation reference frame (X-Y).
In this reference frame, the stator current space vector coincides with the X-axis. The
proposed control method is based on sliding mode while assuming the square of the stator
flux and motor generated electromagnetic torque as the output variables. Referring to
the obtained control law, it is only necessary to know the stator two-axis currents and
linkage fluxes for driving the motor. Since the stator currents can be sampled by sensors
and the stator linkage fluxes can be easily estimated by the stator voltage equations in the
stationary stator two-axis reference frame, the method is purely a parameter independent
control technique. In this motor drive, it is no need to know the real value of motor d
and q inductances, the rotor permanent magnets linkage fluxes, and even the rotor initial
position. In addition, a simple method has been suggested for the estimation of the stator
resistance and the rotor angular speed. Some simulation and experimental results have
proved the capability and effectiveness of the proposed control method.
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