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ABSTRACT

This paper presents a simplified two-switching-based model-
free predictive current control (STSB-MFPCC) method as well
as its application to interior permanent magnet synchronous mo-
tor IPMSM) drive systems. Unlike existing model predictive
current controller (MPCC) that uses 7 basic voltage vectors,
STSB-MFPCC employs 19 synthesized ones, with each of which
consisting of two basic voltage vectors. The new method does
not require any information about the load parameters, back
electromotive force, nor the system model. Compared to model-
based controllers, the proposed one has a distinctive and appeal-
ing nature in that it is much less sensitive to system parameter
variations. A digital signal controller, TMS320F28377S, is used
to realize and validate the new method and verifies its feasibility
as well as performance saliency.

I. INTRODUCTION

Current control schemes, commonly used in interior perma-
nent magnet synchronous motor in recent years, can be classified
into three types: hysteretic current control (Bolognani et al., 2011),
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pulse width modulation (PWM) control (Kadota et al., 2007;
Gu et al., 2016), and predictive current control (PCC) (Rodriguez
et al., 2007). The first two, as limited by their natures, cannot
predict future currents in the next sampling period. Due to its
simplicity and ease of implementation, the PCC algorithm of 2007
(Rodriguez et al., 2007) has been studied extensively, including
a large amount of publications that followed, and has become
one of the most popular research topics ever since. It results
from the fact that the PCC can predict the load currents of the
inverter for all possible switching modes in the next period,
and then finds an optimal one to use.

The PCC exhibits good characteristics in computer simula-
tions, including low current ripple, low steady-state current error,
and fast transient response. As the PCC (Rodriguez et al., 2007,
Zhang et al., 2018) is based on discrete-time mathematical mo-
dels, its performance will be noticeably affected by the uncer-
tainties and/or variations of the load parameters and the esti-
mation error of the back electromotive force, which in turn re-
sult in performance degradation in practice. Notice that nonlinear
phenomena in real systems cannot be neglected.

Recently, model-free predictive current controllers (MFPCCs)
(Lin et al., 2014; Chen et al., 2015; Lin et al., 2016a; Lin et al.,
2016b; Lin et al., 2018; Lin et al., 2018) were proposed to im-
prove the drawbacks of MPCCs (Rodriguez et al., 2007; Mwasilu
et al., 2018), as they do not need any information about the in-
ductance, the resistance, nor the back EMF but still have good
performance. It is worth noting that the MFPCC requires the
use of analog-to-digital (A/D) converter of high resolution, ty-
pically of 16 bits at least. In order to reduce the hardware cost
yet retaining current tracking performance, a simplified two-
switching-based model-free predictive current controller (STSB-
MFPCC) is proposed in this paper.

Compared to existing predictive current control that uses 7 vol-
tage vectors, the proposed approach uses 19 synthesized ones.
The stator current will be detected twice in a sampling period
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Fig. 1. Equivalent circuit corresponding to stator voltage equation (1).

(s
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Fig. 2. Relationship between three coordinate systems.

with each detection interval equaling to half of the sampling
period. In addition, a simple method to find the optimal switch-
ing mode is proposed to reduce the computational burden. Fi-
nally, for validation purpose, the method is realized through a
microcontroller TMS320F28377S and applied to an interior per-
manent magnet synchronous motor (IPMSM) drive system with
its feasibility and expected performance verified as well.

II. INTERIOR PERMANENT MAGNET
SYNCHRONOUS MOTOR

The mathematical model of IPMSM is nonlinear and coupled.

To reduce complexity, the stator voltage equation based on (Lin
et al., 2014) can be expressed in the a-b-c coordinate frame as

di
~+F ,xela,b,c 1
o B {a,b,c} (1

V. =ri, +Lq

where i, i, ,and i_ are stator currents; v,, v, ,and v, are stator

h 4

Fig. 3. 19 synthesized voltage vectors.

voltages; E, , E,,and E, are extended back EMFs (Lin et al.,
2014); L, is the g-axis equivalent inductance (Lin et al., 2014);

. . d . .
r, is the stator resistance and = stands for the differential
t

operator. Fig. 1 shows the equivalent circuit corresponding to
(1), and Fig. 2 depicts the relationships between three coordi-
nate systems.

II1. SIMPLIFIED TWO-SWITCHING-BASED
MODEL PREDICTIVE CURRENT
CONTROLLER (STSB-MPCC)

To help lower down computational burden, two voltage vec-
tors (or two switching states) will be applied in a sampling pe-
riod, each of the two voltage vectors (or two switching states)
will be applied for half of the sampling period, i.e., 7;/2, respec-
tively. Through the arrangements and combinations of two basic
voltage vectors, 19 candidate switching modes, namely So~Sis,
are generated and listed in Table 1, where the subscript “0” means
that the upper-arm power switch is off and the lower-arm po-
wer switch is on, whereas the “1” used in switching function
means that the upper-arm power switch is on and the lower-
arm power switch is off. Fig. 3 illustrates these 19 synthesized
voltage vectors. In contrast to the MPCC (Rodriguez et al.,
2007) that uses 7 voltage vectors, the use of 19 synthesized vol-
tage provides more flexibility as well as better prediction accu-
racy. To mitigate burden, the STSB-MPCC builds a searching
rule to find the voltage vector yielding a minimum cost, which
is fairly simple and helps to reduce the computational time.
The searching rule involves four steps:

Step 1: Perform a wide range of search, and calculate the cost
values associated with the six synthesized voltage
vectors Vi~Vs.

Step 2: Choose a voltage vector from V~V.
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Table 1. Correspondence between switching modes and synthesized voltage vectors.

Switching mode Two switcthing states represented by two switching functions Synthesized voltage vector
First 7,/2 Second 7/2
Sy (000) (000) Vo=Vo2 + Vy/2
S (100) (100) Vi=Vi/2+1/2
S, (110) (110) Vo=V22+ V52
S5 (010) (010) Vi=V132+ V32
Sy (011) (011) Vi=V42 +Vy2
Ss (001) (001) Vs=Vs/2+ Vs/2
Se (101) (101) Ve=Ve2 + V2
S; (100) (110) Vi=T/2+V,2
Sg (110) (010) Vs = V2 + V3/2
Sy (010) (011) Vo=V3/2+ V42
Sho (011) (001) Vie=V4y2+ V52
M (001) (101) Vii=Vs/2+ V2
Si2 (101) (100) Via=Vs2+ V2
Si3 (100) (000) Vis=V1/2+Vy2
Sla (110) (000) Via=Vo2+ Vo2
S5 (010) (000) Vis=V3/2+ Vo2
NG (011) (000) Vie=Vy2 + V2
S17 (001) (000) Vig=Vs2+ V2
S1s (101) (000) Vig=Ve/2 + Vy/2

Table 2. STSB-MFPCC search table for the best voltage vector.

) ) Five alternative synthesized voltage vectors, switching modes
First selection V,,,;, S,
R, Ry Ry Ry Rs
Vi, Si Vi, Si V3, 8 Vi2, S1a Vi3, Sis Vo, So
V2 S5 V2, S, V3, 87 Vs, Ss Via, Sia Vo, So
V3, 83 Vs, Ss Vs, Ss Vo, So Vis, Sis Vo, So
Vi, Sy Vs, S4 Vs, So V1o, S1o Vie, Si6 Vo, So
Vs, Ss Vs, Ss V10, S10 Vi, St Vi7, S17 Vo, So
Ve, Se Ve, Ss Vi, Su Vi2, Sia Vis, Sis Vo, So

Step 3: Refine the search based on the result from Step 2. As
an example, suppose V5 from Step 2 is obtained, five
synthesized voltage vectors V5, V7, Vg, V14, and V; can
then be found from Table 2.

Select the switching mode that yields minimum cost.
As an example, suppose V4 has the minimum cost among
Vs, V3, Vs, Vg, and ¥y, the corresponding switching
mode S}4 is obtained by looking up Table 1.

Step 4:

Based on the algorithm of MPCC (Rodriguez et al., 2007),
those 7 voltage vectors used therein can be replace by the 19
synthesized ones for STSB-MPCC. Step 1 and Step 2 can be
expressed by the following:

(), .y = Min{g(0), .., (k) | 2)

where g(k) is the kth cost function (defined in (Rodriguez et al.,
2007)) evaluated at V';~Vs, and V,,; appearing in (2) and Table 2
is the first synthesized voltage vector to be selected. Steps 3 and
4 described above can be represented by the following:

g(k),,, =min{g(k)y . g(k)y,, gk}, » gK)y, €(K)y, | (3)

where V, € {VO, Vi,...,Vs} is the final synthesized voltage vec-

tor selected,Rl € {V], Vz, V3, V4, Vs, V6}7R2 € {V7, Vg, Vg, V](),
Vitd, Ry € {Vs, Vo, Vio, Vi, Via}s Ra € {Vis, Via, Vis, Vies Vi,
Vis}, and Rs € {V,}. By looking up Table 1, the switching mode
as obtained from (3) can be found. These two switching states
will be sequentially applied in the next sampling period. The
above four steps will significantly reduce the computational com-
plexity and hence the burden of the digital signal controller.
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Fig. 4. Current difference predictions of STSB-MFPCC.

IV. SIMPLIFIED TWO-SWITCHING-BASED
MODEL-FREE PREDICTIVE CURRENT
CONTROLLER (STSB-MFPCC)

As mentioned above, through appropriate arrangement and
combination of two switching states, 19 switching modes are
generated as listed in Table 1. Conceptually, it is possible to im-
prove the accuracy of current prediction further since each switch-
ing mode is composed of two switching states. In contrast to
MFPCC (Lin et al., 2016) that detects current differences once
in a sampling period, the proposed STSB-MFPCC measures
current twice.

The current difference associated with the applied switch-
ing state can be calculated and recorded via a microcontroller
or a digital signal processor (DSP) as shown in Fig. 4 where
(k=L , i(k=-1,2), i (k1), i(k,2), i(k+11), and
i (k+1,2) are the first and second sampled currents in the
(k — D)th, (k)th, and (k + 1)th sampling periods, respectively
where the subscript x stands for one of three phases. In the same
figure, the individual switching state S;',, SZ,, S/, S, S,

and S/, corresponds to one element of the set where the su-

perscripts “4” and “B” stand for the switching intervals A and
B, and the subscripts k — 1, k, and k + 1 represent the (k — 1)th,
kth, and (k + 1)th sampling periods, respectively. The proposed
searching rule in STSB-MPCC can be applied to STSB-MFPCC

with only minor modification. The current differences associated
with the switching states S;', S, S/, and S/, are defined

+

as follows

Ai (S =i, (k,2)—i, (k1) )

Ai (SE) =i, (k+1,1)—i,(k,2) ®)
Ai (SE) =0, (k+1,2) =i (k+1,1) (6)
Ai (S8 =i, (k+2,1)—i (k+1,2) @)

See Fig. 4. Using (4)-(7), the future current to be sampled
in the (k + 2)th sampling period can be expressed as

i (k+2,1) =i (k,1)+Ai (S{)+Ai (S)

(®)

+ AL (S7)+AL(SE)

It is assumed that the sampling period is short enough, or

equivalently, the sampling frequency is high enough. It is also

assumed that the current differences associated with different

applied switching states during the sampling period are all

linear. As such, the current differences defined in (4)-(7) can

be approximated/replaced by their latest values with the same

applied switching states, respectively. Namely, the following
Egs. (9)-(12) hold

Ni(S{) % AL, (S{ =5,) ©)
AL(SP) = i, (SE =5)) (10)
AL(S{) % i, (S = S,) (11)
Ai(SE) % i, (SE, = S,) (12)
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with S,, S, S,. S, €{(000), (001),..., (111)} , and the subscript

“pre” means previous current difference. To reduce prediction
error of (9)-(12), previous current difference will be replaced
by the newly calculated one as shown below

(SE) =i, (k1) =i, (k—1,2) (13)

x pre

The update frequency of (13) depends on the sampling pe-
riod Ty, which means that shorter 7, will leads to higher update
frequency. Given (9)-(12), the predicted value of (8) associated
with the sampling mode S,,, can be calculated by

il (k+2)g =i, (k1)+Ai

X, pre (SA) + Alx pre(Slf)

(14)
+ Aix,pre (S +1 ) + Alv pre ( k+1 )

€9

where the superscript “p
function is defined as

stands for prediction. Next, a cost

g(k)s,. = i: + i}:(k)_lb (k+2)s

—i; (k+2)

(15)
+i =it (k+2)

where S, €{S,,5,,...,

be computed as there are 19 candidate switching modes. It will,
however, increase the computational burden of the DSP/micro-
controller. To circumvent this problem, only 11 cost values will
be considered. First, six candidates are calculated to find the
lowest one, i.¢e.,

{g(k)sl ,g(k)s,, gk, }
g(k)s =min . (16)

Slg} . Based on (15), 19 cost values can

g(k)s . gk, gk,

Next, five switching modes will be considered in the second
search according to Table 2. The corresponding switching mode
with the lowest cost value then can be found by

g(k),, }
(17)

WhereSml € {S0> S]: LEXE) Slg} >N1 € {Vb V23 V3: V47 V5> VG}:NZ €

W2, Vs, Vo, Vio, Viiy, N3 € {Vs, Vo, Vio, Vi1, Via, Na € {V13,
Via, Vis, Vie, Vi7, Vis}, and Ns € {Vy}.

Finally, the selected switching mode consisting of two switch-
ing states as listed in Table 1 will be transmitted to control the
six power switches of the inverter (ON/OFF) in the next sam-
pling period.

" &gk) . glh)y,
¢ =min
e g(h)y, - g(h)y,

V. EXPERIMENTS

Table 3. Specifications of the IPMSM.

Parameter Value Unit
Poles 4 Pole

Rated power 375 w
Rated speed 3000 rpm

Stator resistance 6.8 Q
d-axis inductance 24.76 mH
g-axis inductance 45.33 mH

Table 4. Specifications of the inverter SCM1246MF.

Parameter Rating value Unit
Output current 30 A
Output current (pulse) 45 A
Logic supply voltage 20 A%
Isolation voltage (for 1 min) 2500 A%
Main supply voltage (DC) 450 v
Main supply voltage (surge) 500 v
IGBT breakdown voltage 600 \%

(b)
Fig. 5. (a) Voltage source inverter system; (b) IPMSM drive system.

An experimental setup for an IPMSM is developed wherein
a DSP TMS320F28377S is utilized with its sampling period T}
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Fig. 6. Experimental results of the MPCC under 0.8 Nm load and 500 rpm.

Stator Current (A)
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Time (s)
(a) Current response

Current Error (A)
(=1

0 002 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)
(b) A-axis current error

Fig. 7. Experimental results of the STSB-MPCC under 0.8 Nm load and
500 rpm.

set as 100 ps. The parameters, as listed in Table 3, are L, =24.76
mH, L, =45.33 mH, and , = 6.8 Q. The drive system, shown
in Fig. 5, comprises 9 blocks including (a) TMS320F28337S di-
gital signal controller, (b) SCM1246MF intelligent power mo-
dule, (c) current sensing circuit, (d) current/voltage conversion
circuit, (e) 16-bit analog/digital converter, (f) overcurrent protec-
tion circuit and optical isolation circuit, (g) power supplier, (h)
interior permanent magnet synchronous motor, and (i) load test
equipment. Given in Table 4 are the parameters of SCM1246MF.

Two performance measures are adopted in this paper to quan-
tify the experimental results; they are the average current error,
(denoted e,..) and the average current ripple (denoted e,,).
The former is defined as

1 N
Coce — ﬁ(;

=1

(18)

- l4])

2
<
=
=1
O
g
<
7

2 L L L L L L L L L

0 002 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)
(a) Current response

<2 e e e
S e
2 a
= 0 v
5
E . . . . . . . . .
O 0 002 004 006 0.08 0.1 012 0.14 0.16 0.18 0.2

Time (s)

(b) Current error

Fig. 8. Experimental results of the MFCC under 0.8 Nm load and 500 rpm.

2
<
i=4
=
O
g
<
2
2 L L L L L L L L L
0 002 0.04 0.06 008 0.1 0.12 0.14 0.16 0.18 0.2
Time (s)
(a) Current response
<,
Z T T T T e. T T T T
5 0 >
|5
O 0 002 004 006 0.08 0.1 012 0.14 0.16 0.18 0.2

Time (s)

(b) Current error

Fig. 9. Experimental results of the STSB-MFPCC under 0.8 Nm load and
500 rpm.

where the superscript * represents current command, and N is
the number of samples. The latter is defined as

(19)

Figs. 6-13 show the current-tracking performances of the
MPCC (Rodriguez et al., 2007), STSB-MPCC, MFPCC (Lin
et al., 2014), and STSB-MFPCC with the IPMSM operated at
500 rpm and 1000rpm under a load of 0.8 Nm, respectively,
where e, represents a-phase current error. The experimental re-
sults in Figs. 6-13 is to show the current responses of different
PCCs under close-loop speed control which is proportional-
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Table 5. Numeric values of two performance measures based  Table 6. Numeric values of two performance measures based

on experimental results of Figs. 6-9.

on experimental results of Figs. 10-13.

PCC scheme €uce (A) Cacr (A) PCC scheme Cace (A) Caer (A)
MPCC 0.1166 0.1464 MPCC 0.2691 0.3376
STSB-MPCC 0.1167 0.148 STSB-MPCC 0.257 0.3247
MFPCC 0.0549 0.0681 MFPCC 0.1334 0.1646
STSB-MFPCC 0.0378 0.047 STSB-MFPCC 0.1 0.1204
4 T T T T T T T T T
< 2
5 5
3 S
g g
s b
v wn
0 001 002 003 0.04 0.05 006 007 0.08 0.09 0.1 _40 0,(‘)1 0,(.)2 0,(.)3 0_(.)4 0,(.)5 0,(.)6 0,(.)7 0_(.)8 0,(‘)9 0.1
Time (s) Time (s)
(a) Current response (a) Current response
g 4 T T T T T T T T T g 4 T T T T T T T T T
g Can 5 2f e 1
&3} @0 Aeott N Mwm
B £ o} 1
: e
© 0 0.01 002 003 0.04 0.05 006 007 0.08 0.09 0.1 © 0 0.01 0.02 003 004 0.05 006 007 0.08 0.09 0.1

Time (s)

(b) Current error

Fig. 10. Experimental results of the MPCC under 0.8 Nm load and 1000 rpm.
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Time (s)

(b) Current error

Current Error (A)

Fig. 11. Experimental results of the STSB-MPCC under 0.8 Nm load and
1000 rpm.

integral (PI) based with speed error as its input and g-axis cur-
rent command as the output. After a coordinate transformation
(d-q to a-b-c), the a-axis, b-axis and c-axis current commands
can be obtained. The parameters of PI controller in the speed loop,

Time (s)

(b) Current error

Fig. 12. Experimental results of the MFCC under 0.8 Nm load and 1000 rpm.

4 T T T T T T T T T
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O
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<
7
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Time (s)
(b) Current error

Fig. 13. Experimental results of the STSB-MFPCC under 0.8 Nm load and
1000 rpm.

as of Figs. 6-13, remain unchanged for fair comparison purpose.
It can be seen from these figures that different PCCs exhibit dif-
ferent current-tracking outcomes. Numeric values of the two
performance measures, as defined by (18) and (19), are listed in
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Fig. 14. Experimental results of the MPCC tracking current command 3
A and frequency 5 Hz.

Stator Current (A)
AW N = O = N W B

| 0 0.04 008 012 0.16 02 024 028 032 036 04
Time (s)
(a) Current response

Current Error (A)
(=)
g

Stator Current (A)
AW NN = O = N W

0 0.04 008 012 0.16 02
Time (s)

(b) Current error

024 028 032 036 04

Fig. 15. Experimental results of the STSB-MPCC tracking current com-
mand 3 A and frequency S Hz.

Table 5 for comparison purpose. One can see from Figs. 6-13
and Tables 5 and 6 that the STSB-MFPCC has minimum average
current error and minimum average current ripple as opposed
to MPCC (Rodriguez et al., 2007), STSB-MPCC, and MFPCC
(Lin etal., 2014). Next, a current command with an amplitude
of 3 A and a frequency of 5 Hz is used, replacing the output of
speed controller, to test the current response of the four PCCs
whose results are shown in Figs. 14-17. From the measured wave-
forms, it can be confirmed that the proposed STSB-MFPCC and
STSB-MPCC enhance the performances of the MFPCC (Lin
et al., 2014) and MPCC (Rodriguez et al., 2007). Similar con-
clusion can also be drawn from Table 7 that the proposed method
outperforms the other PCCs. Next, the experimental results shown

Table 7. Numeric values of two performance measures based
on experimental results of Figs. 14-17.

PCC scheme €ace (A) Caer (A)
MPCC 0.231 0.2873
STSB-MPCC 0.251 0.3086
MFPCC 0.167 0.2835
STSB-MFPCC 0.08 0.1
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Fig. 16. Experimental results of the MFPCC tracking current command
3 A and frequency 5 Hz.
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Fig. 17. Experimental results of the STSB-MFPCC tracking current com-
mand 3 A and frequency 5 Hz.

in Figs. 18-21 are to demonstrate the transient responses of the
four PCCs, i.e., by tracking sinusoidal current commands with
a frequency of 10 Hz and amplitudes jumping from 1 Ato 4 A
at 0.1 sec. Asone can observe, the current errors and ripples of
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Table 8. Numeric values of two performance measures based
on experimental results of Figs. 18-21.

Table 9. Computation time of the TMS320F28377S micro-
controller for different PCC schemes.

PCC scheme Cace (A) Caer (A) PCC scheme Computation time (s)
MPCC 0.2125 0.3513 MPCC 20.2
STSB-MPCC 0.204 0.3306 STSB-MPCC 253
MFPCC 0.0994 0.2047 MFPCC 19.7
STSB-MFPCC 0.0752 0.1746 STSB -MFPCC 335

Stator Current (A)

0.04 0.06 0.08 0.1 012 0.14 0.16 0.18 02
Time (s)
(a) Current response

< 4 -—

= eq

g 2+ ~ E
() iy

=

2 2 ]
ER . . . . . . . . .

© 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time (s)

(b) Current error

Fig. 18. Experimental results of the MPCC tracking a 10 Hz sinusoidal cur-
rent command with amplitude jumping from 1 A to 4 A at 0.1 sec.
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Fig. 19. Experimental results of the STSB-MPCC tracking a 10 Hz sinu-

soidal current command with amplitude jumping from 1 A to 4 A
at 0.1 sec.

the MFPCC (Lin et al., 2014) and the STSB-MFPCC right after
the a-axis current command changing at 0.1 second are signi-
ficantly smaller than that of the MPCC (Rodriguez et al., 2007)
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Fig. 20. Experimental results of the MFPCC tracking a 10 Hz sinusoidal cur-
rent command with amplitude jumping from 1 A to 4 A at 0.1 sec.
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Fig. 21. Experimental results of the STSB-MFPCC tracking a 10 Hz sinu-

soidal current command and amplitude jumping from 1 A to 4 A at
0.1 sec.

and the STSB-MPCC. As of the two performance measures,
one may see from Table 8 that the proposed control has the
smallest values. Table 9 summarizes the computation time of



812 Journal of Marine Science and Technology, Vol. 26, No. 6 (2018)

the four PCCs, demonstrating that they can be executed within
100 microseconds. Although the proposed method requires more
computation time, this small drawback can be compensated by
the high-performance microcontroller TMS320F28377S used.
In addition, using a high-performance A\D converter with a high
bandwidth for data conversion, one can effectively reduce the
time required to read in the current values. In summary, the ex-
perimental results shown in Figs. 6-21 and Tables 5-8 demon-
strate that the proposed approach has better steady-state and
transient responses in current-tracking compared to that of the
MPCC (Rodriguez et al., 2007), STSB-MPCC, and MFPCC
(Lin et al., 2014).

VI. CONCLUSION

For predictive current control, the proposed STSB-MFPCC
in this work does not require the information about resistance,
inductance, and back electromotive force, nor the system model.
Two basic switching states (voltage vectors) are applied, and
current variations are updated twice within a sampling period
leading to significant accuracy enhancement. Besides, the com-
putation burden of the STSB-MFPCC, in comparison with that
of the TSB-MPCC, is effectively reduced thanks to a simplified
search scheme. In terms of performance, the proposed approach
is better than the MPCC, MFPCC, and STSB-MPCC as verified
by the provided experimental results.
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