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Abstract: This study presents a robust three-vector-based low-complexity model predictive current control with supertwisting-
algorithm-based second-order sliding-mode observer for permanent magnet synchronous motor (PMSM). First, to reduce the
computational complexity of the three-vector-based model predictive current control, the optimal voltage vector combination is
directly determined by the sector of desired voltage vector. Second, a supertwisting-algorithm-based second-order sliding-mode
observer is designed to observe the lump disturbance caused by model mismatch and unmodelled dynamics. The estimated
lump disturbance is considered as the compensation to the original PMSM model to reduce steady-state current error, which
improves the robustness of the three-vector-based model predictive current control. Finally, the effectiveness of the proposed
method is verified by experiments on a two-level-inverter-fed PMSM drive platform. Experimental results prove that, compared
with three-vector-based model predictive current control, the proposed method can reduce the computational complexity and

enhance robustness against motor parameters variation.

1 Introduction

The permanent magnet synchronous motor (PMSM) has been
widely employed due to the advantages of small volume, simple
structure and high efficiency [1-3]. With the wide application of
the PMSM, its control method has also been attracted extensive
attentions. Field oriented control (FOC) is one of the most common
control methods for PMSM [4, 5]. FOC can achieve good steady-
state performance. However, the parameters of multiple
proportional integral (PI) regulators in FOC need to be adjusted
and dynamic response of FOC needs to be further improved.

In recent years, model predictive control (MPC) has been
widely applied in power electronics and power drives because of
the fast dynamic response, simple principle and easy
implementation, such as three-phase inverter [6, 7], pulse width
modulation (PWM) rectifier [8, 9], matrix converter [10, 11],
induction motor drive [12, 13] and PMSM drive [14]. In the
traditional MPC, one voltage vector is applied during one sampling
period. There are only seven selectable voltage vectors for a two-
level voltage source inverter, so that the selection range of voltage
vector is relatively small. This limits the steady-state performance
of the traditional MPC [15]. In order to improve the steady-state
performance of the traditional MPC, some scholars proposed a
three-vector-based MPC [16, 17]. In this method, three voltage
vectors are applied during one sampling period. However, this
control method needs to find the optimal voltage vector
combination and calculate the duration of each voltage vector in
one sampling period. This process would generate heavy
computational burden, which is one of the problems to be solved in
the three-vector-based MPC.

Although the MPC has the fast dynamic response, it is sensitive
to the motor parameters variation due to that the MPC is one of
model-based control methods. In practical implementation, the
influence of motor parameters variation and unmodelled dynamics
is inevitable in the drive system. As a result, the model mismatch
would happen, and this further causes the prediction error.
Therefore, the voltage vector selected by the cost function maybe
not the optimal voltage vector, which eventually leads to
deteriorate system performance. In order to solve this problem, the
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prediction error correction is added to the predictive model to
enhance robustness against stator inductance variation and
consequently achieves better performance [18]. However, flux
linkage of permanent magnets and stator resistance mismatch is not
considered in this paper. In addition, the weight factors need to be
adjusted when the predictive error correction is added to the
predictive model, which increases the difficulty of system design
and adjustment. The adaptive observer proposed in [19] and the
extended Kalman filter proposed in [20] are used to identify motor
parameters to overcome the adverse effects of parameter mismatch.
However, online parameter identification leads to complicated
computation. In [21], the disturbance observer is introduced into
the MPC to observe the disturbance caused by the load variation
and the motor parameters variation. The estimated disturbance is
considered as compensation of motor model to improve the load
disturbance rejection ability and robustness.

Among various disturbance observers, the sliding-mode
observer is widely employed in disturbances observation owing to
strong robustness [22-25]. However, the first-order sliding-mode
observer has the disadvantage of obvious chattering phenomenon
due to its own discontinuity, and this chattering phenomenon
cannot be eliminated [26, 27]. The second-order sliding-mode
observer, which is more suitable for system disturbances
observation, can effectively reduce the chattering while
maintaining good dynamic response [28-30]. In [31], the second-
order sliding-mode observer is designed for permanent magnet
linear synchronous machines to observe the lump disturbance, such
as electromagnetic force ripple, detent force and unknown external
disturbances. The estimated lump disturbance is considered as
feedforward compensation, which can effectively suppress the
force ripple.

A robust three-vector-based low-complexity model predictive
current control with supertwisting-algorithm-based second-order
sliding-mode observer (TV-LC-MPCC + STA-SMO) is proposed in
this paper. Firstly, the optimal voltage vector combination is
directly determined by the sector of desired voltage vector, which
can reduce the computational complexity of the TV-MPCC.
Secondly, a STA-SMO is designed to observe the lump



disturbance. The estimated lump disturbance is considered as
compensation of original PMSM model. The original PMSM
model is corrected to solve the problem of steady-state current
error under parameter mismatch, which enhances the robustness
against motor parameter mismatch. Finally, in order to verify the
feasibility and effectiveness of the proposed method, the
experimental tests were carried out on a two-level inverter fed
PMSM drive system.

In this paper, the contributions of the proposed controller are:
(1) the selection process of optimal voltage vector combination of
the TV-MPCC is simplified, which reduces the computational
complexity; (ii) the supertwisting-algorithm-based second-order
sliding-mode observer is designed to observe the lump disturbance.
The estimated lump disturbance is used to compensate the original
PMSM model, so the problem of steady-state current error under
parameter mismatch can be solved. Finally, the robustness against
the motor parameters variation is effectively improved.

2 Model of PMSM

Assuming that the PMSM neglects stator core reluctance, rotor
core reluctance, structural asymmetry, eddy current and hysteresis
loss are not considered. The model of the surface-mounted PMSM
in synchronous rotating frame is as follows:

di
d—’; = Ai,+ Bu,+ M
i = [ig iq]T u, = [ug ”q]T
R, 1 1
—E Wye Z 0 0
A= ,B = M=y
Rx 0 i L wre
—Wre _rs Ls S

where u; and u, are the d- and g-axis stator voltages, respectively.
iy and i, are the d- and g-axis stator currents, respectively. vy, Lg,
Ry and w,, denote the flux linkage of permanent magnets, stator
inductance, stator resistance and rotor electrical angular velocity,
respectively.

According to (1), the discrete model of PMSM can be obtained
as

ik + 1) = (I + ATiy(k) + BTy k) + T.M @)

where ig(k + 1) is the predicted stator current at (k + 1)th sampling
instant. iy(k), ug(k) and w(k) are the stator current, stator voltage
and rotor electrical angular velocity at (k)th sampling instant,
respectively.

3 TV-LC-MPCC method
3.1 TV-MPCC method

In the PMSM drive system fed by two-level voltage source
inverter, there are six active voltage vectors (uy, uy, us, uy, us, Ug)
and two null vectors e, (29, #7). All active voltage vectors divide
the space vector plane into six sectors as shown in Fig. 1. The TV-
MPCC is proposed in [17], which applies three voltage vectors
during one sampling period. In the TV-MPCC, two adjacent active
voltage vectors and one null voltage vector are selected as a
voltage vector combination within each sector; thus there are six
voltage vector combinations in total. Moreover, the deadbeat
principle of d-and g-axis currents is used to calculate the duration
of each voltage vector. According to six voltage vector
combinations and the duration of each voltage vector, six virtual
voltage vectors can be synthesised. Then, six virtual voltage
vectors are substituted into (2) to calculate the corresponding
predicted current. Finally, all virtual voltage vectors can be
evaluated through the cost function shown in (3). The virtual
voltage vector minimising the cost function is selected as the
optimal voltage vector. It can be seen that the TV-MPCC can
obtain the optimal voltage vector combination by calculating the
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cost function for six times, which results in the heavy calculation
burden.

& =i — gk + D| + i — iy(k + D) 3)

where iz* and i * are the d- and g-axis component of stator
current reference, respectively.

In a real-time implementation, the sampling and the control
algorithm take a significant portion of the sample period. This
results in digital delay. The digital delay has adverse impact on the
controller performance. Therefore iy(k+ 1) and i (k+ 1) should be
replaced by the values of the if(k+2) and i, (k+2), which can
compensate the digital delay in practical implementation [19].
Thus, the cost function should be rewritten as

g =i — gtk +2)| + |i — iy(k +2)| 4)

3.2 TV-LC-MPCC method

In order to reduce the computational complexity of the TV-MPCC,
the TV-LC-MPCC is proposed in this paper. The first step of the
TV-LC-MPCC is to calculate the desired voltage vector ug* based
on the ideal of deadbeat control. Two adjacent active voltage
vectors and one null vector in the sector of ug* are selected as the
optimal voltage vector combination, seeing Table 1 for details.
Then the duration of each voltage vector is calculated by the
deadbeat principle of d-and g-axis currents. The optimal voltage
vector combination and duration are applied to the inverter. The
TV-LC-MPCC can directly determine optimal voltage vector
combination based on the sector of ug*, thus reducing the
computational burden.

In the TV-LC-MPCC, the first and most important step is to
calculate the desired voltage vector. Let the predict stator current
be equal to its reference as follows

ik + 1) =i )

where i* is the stator current reference. Substituting (5) into (2),
the desired voltage vector us* can be calculated as follows:

i) AL MO
wr € B}f))‘ k) _ Mt ©

u; (001)

u, (101)

Fig. 1 Basic voltage vectors of two-level inverter

Table 1 Determining optimal voltage vector combination
Sector of ug* Optimal voltage vector combination

| uq, u2 and uyero (Ug or u7)

I uy, u3 and uzerg (Ug Or u7)
Il u3, Ug and uzero (Ug or uy)
v uy, us and Uzero (Up OF U7)
\% us, ug and Uzero (Up oOr u7)
Vi ug, u1 and Uzero (U Or u7)
IET Power Electron.
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According to the sector of ug*, the optimal voltage vector
combination (Kopt1, Hopt2> Hzero) can be determined. The optimal
voltage vector combination (#opt1, Uopt2, Uzero) CONSists of the two
adjacent active voltage vectors and one null vector. After obtaining
the optimal voltage vector combination (#opt1, Hopt2> Hzero)> the
duration of each voltage vector is calculated by the deadbeat
principle of d-and g-axis currents

i(k + 1) = i(k) + Soputi + Sopuats + Soto = ¥

Sopt1 = [soptlfdsopllfq]’r! Soptz = [sopt27dsnpt27q]’rs So = [S(Ldsofq]T

@)

where Sopt1 as Soptl_g» Sopt2_d» Sopt2_g» S0_d and sq_4 are, respectively,
the slopes of the d- and g-axis currents when the voltage vectors
Uoptl> Hop and U,er, are applied. ¢, 1, and ¢ are the duration of
Uoptl> Uopt2 and Uz, during one sampling period.

The slopes of currents sqp1, Soprz and sp shown in (7) can be
calculated according to (1) as follows:

di

sozausz‘]:Ats-%M ®)
di .

Sopt1 = d—; =t = Ai; + Buop, + M 9
di .

Soptz2 = d_; sty = Ai; + Buop, + M (10)

Substituting (8), (9) and (10) into (7), the duration of optimal
voltage vector combination can be calculated as follows

= €dlSop_g = S0_g) + €(So_a = Soprz_a)
=

an
TV(SO_qSOPKZ_d - Soptz_qso_d)
* S
f = ed(so_q - soptl_q) + eq(sopll_d - So_d)
=
(12)
i Ts(sopuquofd - Soquoptlfd)
ty=T,—t—1, (13)
S= So_gSoptz_q T Sopti_qSo_d t Soptz_gSopti_d (14)
—Sopti_gSoptz_d ~ Sopta_gSo_d — So_gSopti_d
eq = l; - ld(k) (]5)
e, = i —iy(k) (16)

The optimal voltage vector combination (#opi1, #opt2, #zero) @nd the
corresponding duration (1, t,, ¢y) are output to the pulse generator,
which will further control the inverter.

4 Robust TV-LC-MPCC with STA-SMO
4.1 Design of STA-SMO

The sliding-mode observer has the advantages of easy realization
and strong robustness, but the high frequency vibration near the
sliding-mode surface causes sliding-mode chattering. The
supertwisting algorithm (STA) is a second-order sliding-mode
scheme that can suppress the chattering of the first-order sliding-
mode observer. Therefore, the research on the STA-SMO has
attracted extensive attention. In this paper, for purpose of observing
lump disturbances caused by parameter mismatch and unmodelled
dynamics, the STA-SMO is designed in the TV-LC-MPCC for
PMSM drive system.

IET Power Electron.
© The Institution of Engineering and Technology 2019

If the simplified system equation is described as follows:
X=u+d 17)
where x, u and d are the system-state variable, control input and
disturbance, respectively. When the sliding surface is s = x — x,

according to the STA, the simplest form of STA-SMO is described
as

i = u+d— AsPsign(s) (18)

d= — asign(s) (19)

where % and d are the estimated values of x and d, respectively. In

addition, @ > 0 and 1 > O are the observer gains. sign is the sign

function.

Taking unmodelled dynamics and parameter mismatch into
consideration, the PMSM model given in (1) is rewritten as

i = Ai,+ Bu,— f)+M (20)

where 1= [f; @]T is the lump disturbance, f; and f; are the d- and g-

axis disturbances caused by parameter mismatch and unmodelled

dynamics, respectively. The lump disturbance f; and f; change
slowly in steady-state. f; and f; can be written as

di
fa= ARig+ ALzt = ADLoiy + & @n

. di .
fq = ARslq + ALsd_;] + Astreld + Al//fwre +&- (22)

where g, and g, are the d- and g-axis unmodelled dynamics,

respectively. In order to design a second-order sliding-mode
disturbance observer based on STA, a variable is defined as

-Bf=d (23)

Substituting (23) into (20), the PMSM model is rewritten as

8
i,=Ai,+Bu,+ M +d. (24)

Applying the STA-SMO (18) and (19) into (24), the STA-SMO is
finally designed as

iAs = AiAS +Bu,+ M + d- kllslésign(s) (25)

d= — k,sign(s) (26)

where s=[s; sq]T, Sg=1lg— fd, Sg =g — fq. ki and k, are the
designed observer gains.

Discreting (25) and (26), thus the discrete STA-SMO can be
expressed as

ik +1) = (I + T,A)i (k) + TBugk) + TMK)

. | 27

+Td(k) — ki To|s(k)|2sign(s(k))
d(k + 1) = d(k) — k.T,sign(s(k)) (28)

According to (23), the estimated lump disturbance is

A l A
fiy = - 5dh) (29)
Fig. 2 illustrates the block diagram of discrete STA-SMO.
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Fig. 2 Block diagram of the STA-SMO
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Fig. 3 Block diagram of the TV-LC-MPCC + STA-SMO method for PMSM

4.2 Robust TV-LC-MPCC with STA-SMO

After adding the lump disturbance estimated by the STA-SMO, (6),
(8), (9) and (10) of the TV-LC-MPCC should be rewritten as

= (i —i(k)  Ai(k)  M(k) L}

s = 7B, B B (30)
so=%ux:0=Ais—Bf+M 31)

Sopti = % oy = A B(uop — f) + M (32)
Soptz = % o = A Bluopa = f) + M 33)

After adding the estimated lump disturbance, the optimal voltage
vector combination can be re-determined by the desired voltage
vector ug* in (30). Then (31), (32) and (33) are the current slopes
when estimated disturbance is added to the PMSM model. These
current slopes are combined with (7), and the duration ¢, #, and ¢,
can be calculated through (11)—(13). Finally, the re-determined
optimal voltage vector combination (#op1, Hopt2> Hzero) and the
corresponding duration (¢, t,, ¢y) are output to the pulse generator.
Fig. 3 is the block diagram of the TV-LC-MPCC + STA-SMO
control system.

4.3 Stability analysis of STA-SMO

The stability of the STA-SMO observer is analysed in [29, 32]. As
analysed in [32], a function ®(a, 4, C) = |¥(¢-)| should be defined,

where (Y (7), P(?)) is the solution of )} = — |} |% +Y,

—%(kz—C), —|Z|%+‘P>O,
w=| " l D O)=0,%0)=1 (34)
—%(kﬁC), D F+w<o

where k,>C>0, C is Lipschitz's constant. k#0, and
t- = inf {#/t > 0,Z(r) = 0, P(¢r) < 0}. According to the
convergence criterion in [32], the observer can converge when the
defined function ®(k,, k,, C) < 1 and k;>0. In contrast, it does not
converge if ®(k,,k,, C) > 1. The smaller ®(k,, k,, C) makes the
faster convergence. Finally, the sufficient conditions for the
convergence of observer are

k>C

> 4Ck, + C) (35)
N2 7% -0
It can be seen from (34) that increasing k; causes decrease of
®O(ky, ky, C), therefore increasing k; can make the faster
convergence. Generally, the gain k| is more effective in the
response time, while the gain k, has greater influence on stead-
state control accuracy [33].

The equation mentioned above is only a sufficient condition for
the stability of STA-SMO. In order to further analyse the necessary
and sufficient conditions for the stability of STA-SMO, firstly, the

IET Power Electron.
© The Institution of Engineering and Technology 2019



Lyapunov function is defined as V' =s2(k) according to the analysis
in literature [29, 34], yields

AV =5k +1) -5k

(36)
= [stk+ 1) — s(k)|[stk + 1) + s(k)]
Multiplying (36) by sign®(s(k)) can obtain the necessary and
sufficient conditions for the existence of the sliding-mode
hyperplane as follows:

[stk + 1) — s(k)]sign(s(k)) < O 37)
[s(k + 1) + s(k)]sign(s(k)) > 0
The stability of STA-SMO can be ensured through the select of the
observer gain according to (35) and (37).

5 Experimental results

To wvalidate the performance of the proposed method, the
experiments are performed on the Expert3 system based on the
TMS320C6713 digital signal processor (DSP). The Expert3 system
is produced by Myway Company. The block diagram of
experimental test bench is presented in Fig. 4. The main circuit
consists of a three-phase six diode rectifier and a two-level voltage
source inverter. The output of the inverter is connected to one
PMSM which is used for testing the proposed method. The
parameters of the PMSM are shown in Table 2.The other PMSM is
controlled by the load supply system, which provides load torque.
The DSP board mainly performs core algorithm calculation. The
PEV board includes PWM generator, A/D converter, D/A converter
and counter. The voltage is measured by a voltage sensor while the
currents are measured by current sensors. The rotor mechanical
position is obtained through an incremental encoder. An
oscilloscope is used to monitor the control variables through the
D/A converter. The experimental setup is shown in Fig. 5. The
sampling frequency of current loop is 10 kHz in experiments. The

Transformer Rectifier Inverter

~ @: % JK%

Load motor

~
B
>
~
>
~
)

supply|

______ T system|
I e e
B e L
Computer C D/A : : Counter
L B TR
Oscilloscope PEV Board
Fig. 4 Block diagram of experimental test bench
Table 2 Parameters of the PMSM
Description Parameters Values
flux linkage of vy 0.253 Wb
permanent magnets
stator inductance Lg 21.7mH
stator resistance Rs 2.725Q
rated torque N 9.6 Nm
rated speed n 2430 r/min
number of pole pairs Pn 4
rotational inertia J 0.0011 kg m?2
rated current In 4.4 A
rated power Pn 2.4 kW
rated voltage UN 382V
IET Power Electron.
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PI controller of speed loop is tuned as k,=0.055, k;=0.0003. The
gain of the STA-SMO is chosen as k1 =0.21, k, = 114.

5.1 Verification of TV-LC-MPCC performance

In order to verify the advantage of TV-LC-MPCC method in
reducing computational burden, the TV-LC-MPCC and TV-MPCC
are compared by experiments.

First, the experimental responses to a step change in the load at
1000 r/min are shown in Fig. 6. The test scenario is: the load steps
from no load to rated load at 2.0 s. It can be seen that both TV-LC-
MPCC and TV-MPCC can quickly follow the load change. The d-
and g-axis current ripple can be calculated by (38) and (39)

n=1

N
id_ripple = \/% Z (ld(n) - id_ave(n))z (38)

N
iqﬁripple = \/% Z] (lq(n) - i(L:Alve(n))2 (39)

where N is the number of samples, i (n) and i (n) are d- and ¢-
axis currents, respectively, which is obtained from the oscilloscope.
iq ave and iy aye are the average values of d-and g-axis currents,
respectively. The experimental data of 3.2—4 s in Fig. 6 are used to
calculate d- and g-axis current ripple by (38) and (39). From the
calculation, the results show that the d-axis current ripple of both
TV-MPCC and TV-LC-MPCC method is 0.18 A, and the g-axis
current ripple is 0.21 A. From the above experimental results and
analysis, a conclusion can be drawn that the TV-LC-MPCC and
TV-MPCC method have the same dynamic and static responses.

Second, the core algorithm program execution time of the TV-
MPCC and TV-LC-MPCC methods is tested by experiments. The
results are shown in Table 3. As can be seen from Table 3, the
algorithm execution time of the TV-MPCC is 38.5 ps, while the
algorithm execution time of TV-LC-MPCC is only 8.8 us. The
computational burden of the TV-LC-MPCC is reduced by 77%
compared with TV-MPCC, because the TV-LC-MPCC can directly
determine the optimal voltage vector combination according to the
sector of ug*. However, the TV-MPCC needs to calculate the cost
function for six times in each sampling period to obtain the optimal
voltage vector combination.

From the analysis of the above experiment results, it can be
drawn that, compared with TV-MPCC, the TV-LC-MPCC reduces
computational burden while maintains the same good dynamic and
static response.

5.2 Verification of TV-LC-MPCC + STA-SMO performance
under parameter mismatch

To verify the robustness of the proposed TV-LC-MPCC + STA-
SMO under parameter mismatch, the TV-LC-MPCC + STA-SMO
and the TV-LC-MPCC are compared by experiments. The flux
linkage of permanent magnetsy, stator inductance Ly and stator
resistance R are selected as test parameters. The motor parameters

] / :
Oscilloscope 84

5
=l [ oad supply system 4
> X \

~ -
Y { | Transformer]|
BN

External stator resistance

Fig. 5 Experimental setup
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Fig. 6 Experimental results of the TV-MPCC and TV-LC-MPCC under a
step change in the load
(@) TV-MPCC, (b) TV-LC-MPCC

Table 3 Computational burden of two methods

Methods Optimisation times Execution time, us
TV-MPCC 6 38.5
TV-LC-MPCC 1 8.8

variation is divided into three steps. Since the rated parameters o,
Lyo and Ry of the PMSM cannot be changed freely, the parameter

mismatch test is completed by modifying the motor parameters in
the controller. The waveforms of d- and g- axis currents iy, iy, and

their reference iy*, i,* are given in Figs. 7-9. Additionally, the

estimated lump disturbance f 4 and f 4 are also provided in Fig. 7,
Figs. 8b and 9b. The d- and g-axis steady-state current error can be

calculated by (40) and (41). The calculation results are shown in
Table 4

N
Aiy= % D liatm) = i () (40)

n=1

N
Aiy = % D igm) = i) (41)

n=1

It can be seen from Fig. 7a that, in the TV-LC-MPCC method,
both d- and g-axis have steady-state current error under the flux
linkage of permanent magnets mismatch. The influence of the flux
linkage of permanent magnets mismatch on the g-axis steady-state
current error is obvious. Especially when flux linkage of permanent
magnets becomes 2y 7o, the g-axis steady-state current error is 1.29
A. In contrast, iy and i, can follow their references in the TV-LC-
MPCC + STA-SMO method, as shown in Fig. 7b. It can be drawn
from Table 4 that the TV-LC-MPCC + STA-SMO can obviously
reduce the d-and g-axis steady-state current error caused by flux
linkage of permanent magnets mismatch. The estimated
disturbance f, and f, are considered as compensation and can
adjust the controller to suppress steady-state current error.

6
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Fig. 7 Experimental results of the TV-LC-MPCC and TV-LC-MPCC +
STA-SMO at 1000 r/min with rated load under flux linkage of permanent
magnets mismatch

(@) TV-LC-MPCC, (b) TV-LC-MPCC + STA-SMO

Fig. 8a illustrates the performance of the TV-LC-MPCC under
stator inductance mismatch. It reveals that iy and i, cannot track
their references under stator inductance mismatch. The influence of
the stator inductance mismatch on the d-axis steady-state current
error is obvious. In particular, the d-axis steady-state current error
is 1.13 A when the stator inductance becomes 0.7Lg,. Fig. 8b
presents the performance of the LC-MPCC + STA-SMO under
stator inductance mismatch. iy and i, can track their references
using the TV-LC-MPCC + STA-SMO method, as shown in Fig. 8b.
The disturbance f, and f, estimated by STA-SMO are shown in
Fig. 8b. It is proved that the STA-SMO can accurately observe the
disturbance caused by the stator inductance mismatch.

It can be seen from Fig. 9a that, when using the TV-LC-MPCC
method, stator resistance mismatch has less influence on the d- and
g-axis steady-state current error compared with stator inductance
mismatch and flux linkage of permanent magnets mismatch.
Nevertheless, steady-state current error between the d- and g-axis
currents and their references still exists. However, when the
proposed TV-LC-MPCC + STA-SMO is applied in the PMSM, the
STA-SMO can accurately observe the disturbance caused by the
stator resistance mismatch as shown in Fig. 9b. Therefore, the d-
and g-axis currents can follow their references as shown in Fig. 95,
and the robustness against stator resistance mismatch is improved.

To further verify the robustness of the proposed method, a test
is completed by connecting external stator resistance with the
motor terminal. The value of external stator resistance is 10 Q. The
PMSM is operated at 1000 r/min with 8 N m load. The three
external stator resistances are connected with the motor terminal at
2.0 s. Experimental results are shown in Fig. 10. It can be seen
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Fig. 8 Experimental results of the TV-LC-MPCC and TV-LC-MPCC +
STA-SMO at 1000 r/min with rated load under stator inductance mismatch
(@) TV-LC-MPCC, (b) TV-LC-MPCC + STA-SMO

from Fig. 10a that iy and i, cannot track their references in the TV-
LC-MPCC when three external stator resistances are connected
with the motor terminal. In particular, the g-axis steady-state
current error is 0.81 A when three external stator resistances are
connected with the motor terminal. In addition, the speed slightly
decreases and the torque changes slightly in the TV-LC-MPCC
when three external stator resistances are connected with the motor
terminal. However, i; and i, can track their references in the TV-
LC-MPCC + STA-SMO when three external stator resistances are
connected with the motor terminal, as shown in Fig. 10b. The
speed and torque are still stable when three external stator
resistances are connected with the motor terminal.

Fig. 7a, Figs. 8a, 9a and 10a illustrate that the TV-LC-MPCC
has d- and g-axis steady-state current error under the motor
parameter mismatch, while Fig. 7b, Figs. 8b, 9o and 10b
demonstrate that iy and i, can track their references when the TV-
LC-MPCC + STA-SMO is applied under motor parameter
mismatch. The reason is that the STA-SMO is designed in the TV-
LC-MPCC + STA-SMO to observe the lump disturbance. The
estimated lump disturbance is considered as compensation of
original PMSM model, which can obviously reduce steady-state
current error under motor parameter mismatch, thus improving the
robustness against the motor parameter mismatch.

5.3 Verification of TV-LC-MPCC + STA-SMO performance

Fig. 11 is the experimental results of the TV-LC-MPCC + STA-
SMO at 20 r/min with no load. Fig. 12 is the experimental results
of the TV-LC-MPCC + STA-SMO at zero speed with no load. The
experimental results include the waveform of speed, d- and g-axis
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Fig. 9 Experimental results of the TV-LC-MPCC and TV-LC-MPCC +
STA-SMO at 1000 r/min with rated load under stator resistance mismatch
(@) TV-LC-MPCC, (b) TV-LC-MPCC + STA-SMO

Table 4 Steady-state current error of two control methods
under parameter mismatch

Method Parameter mismacth Aig, A Aig A
TV-LC-MPCC wf=0.5p50 0.70 0.83
TV-LC-MPCC + STA-SMO 0.01 0.01
TV-LC-MPCC Wi =2yso 076 1.29
TV-LC-MPCC + STA-SMO 0.01 0.01
TV-LC-MPCC Ls=0.7Lgg 113 0.10
TV-LC-MPCC + STA-SMO 0.02 0.01
TV-LC-MPCC Ls=1.3Lgg 0.51 0.04
TV-LC-MPCC + STA-SMO 0.02 0.02
TV-LC-MPCC Rs=0.3Rsp 0.65 0.22
TV-LC-MPCC + STA-SMO 0.02 0.02
TV-LC-MPCC Rs=3Rso 0.81 044
TV-LC-MPCC + STA-SMO 0.02 0.02

currents and phase current i,. It can be seen from Figs. 11 and 12
that the PMSM operates stably by using the proposed method at
20 r/min and zero speed as well.

In order to test the performance of the TV-LC-MPCC + STA-
SMO with variations on speed, the speed reference is set as four
step changes: 500, 1000, 1500 and 2000 r/min. The experimental
waveforms of the speed and the d- and g-axis currents are shown in
Fig. 13. As demonstrated in Fig. 13, the speed of the PMSM can
quickly track its reference.
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Fig. 10 Experimental results of the TV-LC-MPCC and TV-LC-MPCC +
STA-SMO under connecting external stator resistance with the motor
terminal

(@) TV-LC-MPCC, (b) TV-LC-MPCC + STA-SMO

6 Conclusions

In this paper, aiming at large computational burden and steady-
state current error under parameter mismatch of the three-vector-
based MPCC, a robust three-vector-based low-complexity MPCC
with STA-SMO is proposed. In order to reduce the computational
complexity, the optimisation process of optimal voltage vector
combination in the three-vector-based MPCC is simplified.
Moreover, the STA-SMO was designed to observe the lump
disturbance caused by the parameter mismatch and unmodelled
dynamics. The estimated lump disturbance is considered as
compensation to the PMSM model, which suppresses steady-state
current error caused by lump disturbance. The experimental results
show that the three-vector-based low-complexity MPCC can
reduce the computational burden while maintaining the same good
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Fig. 11 Experimental results of the TV-LC-MPCC + STA-SMO at 20 r/min
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Fig. 12 Experimental results of the TV-LC-MPCC + STA-SMO at zero
speed with no load
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Fig. 13 Experimental results of the TV-LC-MPCC + STA-SMO under step
changes in the speed
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dynamic and static response compared with the three-vector-based
MPCC. The d- and g-axis current of the proposed robust three-
vector-based low-complexity MPCC with STA-SMO can follow
their references under parameter mismatch; thus improving
robustness against the flux linkage of permanent magnets, stator
inductance and stator resistance mismatch.
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