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ABSTRACT To improve the control performance of the semi-controlled open-end winding permanent
magnetic synchronous motor (SOEW-PMSM) control system, a novel prediction control method is presented
in this paper. First, the current—voltage dual delay-compensation algorithm is presented to overcome the
negative influence on the steady-state performance of the whole control system. Then, in order to implement
the simultaneous control of the d-axis current, the g-axis current, and the zero-sequence current, the current-
error-based cost function is designed. Additionally, to further improve the control performance and decrease
the calculation complexity of the prediction algorithm, controllable converter vector optimization-based
prediction control method is presented. The effectiveness of the proposed prediction methods is tested by

the simulation and experimental results.

INDEX TERMS Delay-compensation algorithm, model predictive control, computation burden reduction.

I. INTRODUCTION

Recently, since the advantages of multilevel output, excellent
fault-tolerant ability and the current independent control,
open-end winding permanent magnetic synchronous motor
(OEW-PMSM) has obtained a wide range of concerns
[1]-[3]. Usually, two converters are adopted to drive
OEW-PMSM [4]-[7]. And many control methods and mod-
ulation strategies are proposed to optimize control charac-
teristics, for example, dual-space vector control [8], optimal
pulsewidth modulation method [9], torque/flux control and
prediction control [10], [11].

It should be noted that recently some new developments
for the control of OEW-PMSM system have been obtained.
In [21], a g-axis current injection method based on angle-shift
based voltage distribution is proposed for the OEW-PMSM
drives with common dc bus, which can effectively reduce the
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torque ripple caused by zero-sequence current. In [22], an
improvised SVPWM strategy for a four-level open-end wind-
ing induction motor drive is presented to enhance the sys-
tem control performance. A different modulation strategy
is presented in [24] to obtain lower switching frequency.
In this method, one converter held clamped state and the other
modulated based on the redistribution of the zero voltage
vectors. In [23], a unified SVPWM strategy is presented for
OEW-PMSM system with two isolated dc sources. This
method can simplify the region identification in sectors and
reduce total switching frequency of the dual inverter. In order
to achieve the sensorless control for the OEW-PMSM system
with the common dc bus, the zero-sequence model is adopted
in [25] to extract motor angle and speed which is included in
the zero-sequence voltage.

Two converters derived OEW-PMSM system can bring
lots of benefits, but the problem with too many devices
in topology structure still need to be faced [22]. Thus,
the semi-controlled open-end winding PMSM control
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system (SOEW-PMSM) fed by a uncontrolled converter
and a controlled converter obtain a broader focus, due to
the simpler topology structure, less power devices and eas-
ier control strategy. In order to increase the power output
ability, literature [12] presents a series-compensation-based
SOEW-PMSM generation system, which has good control
performance. In the application of electrical vehicle, litera-
ture [13] developed an inverter-rectifier structure based on the
SOEW-PMSM, which can be used in starter-generator system
and extend the application scope of the OEW-PMSM. Under
the condition of the SOEW-PMSM control system feeding
by two isolated power sources, literature [14] analyzes the
control effectiveness and the modulation ranges of different
level of two power sources. In addition, the unity power
factor control is implemented in this paper to gain optimal
modulation index. On the other hand, under the condition
of the SOEW-PMSM control system feeding by a common
power source, zero-sequence circulation path is generated.
Thus, in order to implement zero-sequence current (ZSC)
suppression, literature [15], [16] added the ZSC control loop
and designed zero-sequence modulation algorithm.

Above-mentioned control strategies are able to implement
simultaneous control of the d-q axis current and the zero-
sequence current, but the increase of the control complexity
are inevitable due to extra ZCS control loop and modula-
tion. In this paper, a simple prediction control strategy for
SOEW-PMSM system based on the controllable side vec-
tor optimization is proposed, which can obtain satisfactory
control performance. At first, the prediction model of this
generation system is derived, and the current-voltage dual
delay-compensation algorithm is presented to improve con-
trol performance of system. Then, the current error based
cost function is designed. In addition, in order to further
increase the steady-state control performance and reduce the
computation burden, the improved current predictive control
method based on the controllable side vector optimization is
presented.
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FIGURE 1. The control system structure.

Il. SYSTEM MODEL
The Fig.1 shows the control construct of SOEW-PMSM sys-
tem, which includes a controlled converter, an uncontrolled
converter, an open-end winding motor and a load.

The model of SOEW-PMSM in abc frame is shown in
(1) and (2); the model in dg frame and zero frame is
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shown in (3) [16], [20], [27].

dig .
Ug = Uyl — Uy =ea—L—t — xR
di, .
up =up) —up2 =ep —L— —ipR ()
dt
di,

Ue = Ue] — Uy =€ —L— — iR
dt

eq = —pwys sin(0)
ep = —pwyr sin(@ — 27 /3) )
ec = —pwyy sin(@ + 27 /3)

dig . .
Ug = Ug] — Ugy = —Ldz — Rig — wLyiy
di
Uy = Ug) — Ugp = —qu—tq — Rig — wLyiq + iy (3)
4
My = U] — iy = —Lzﬁ — Ri; — 3wiy3 sin(30)

where, R represents stator resistance; u,g, up and u.| repre-
sent controlled converter voltage; u,», up> and uco represent
uncontrolled converter voltage. The dg-axis and the zero-axis
inductance satisfies Ly = L, = L and L, = L —2M, in which
M represents the mutual inductance.

Form the zero-sequence equation in (3), it can be obvi-
ously seen that the ZCS is mainly produced by two factors,
i.e., the common model voltage generated by the controlled
converter and the uncontrolled converter, and the third har-
monic component in back EMF. Therefore, in order to reduce
ZSC, the common model voltage u, should be controlled to
counteract the third harmonic component 3w/3 f sin(30).
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FIGURE 2. The control diagram of the proposed prediction method.

Ill. DUAL DELAY COMPENSATION BASED

CURRENT PREDICTIVE CONTROL

A simple current prediction control method is presented in
this paper, which avoid extra zero sequence current loop and
complex modulation. The control diagram of this method is
shown in Fig.2.

A. CURRENT PREDICTION
According to work principle of the uncontrolled converter,
its output voltage depends on the phase current polarity.
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TABLE 1. The voltage vectors produced by uncontrolled converter.

Current direction

- - - Vectors
la Ly le

+ - Viea(0 1 1)
+ + Vies (00 1)
- + - Vies (1 0 1)
- + + Vier (1 00)
- - + Vi (11 0)
+ - + Vi3 (01 0)

Therefore, the voltage of the uncontrolled converter in (1) is
able to be expressed as [20], [26].

U — 1 —sgn (ia)u _JH4ac (ia <0)

a2 = ) dc = 0 (iy > O)
iy = 1 —sgn (ip) wge = 11e (ip < 0) @

2 Tl Gr>0

Uy = 1 —sgn (i) Hge = uge (ic <0)

¢ 2 o G.>0

where ug. represents the dc bus voltage, and sgn() represents
sign function. From (4), it can be seen that eight different
voltage vectors can be obtained theoretically in this uncon-
trolled converter due to eight different types of current direc-
tion. However, only six voltage vectors exist in the actual
system, since three-phase current is not able to be in the same
direction at one time. Table 1 list the vectors generated by
the uncontrolled converter, in which “+”" and “—" represent
positive current and negative current, respectively [20], [26].
Thus, the voltage in synchronous rotating frame is able to be
expressed by the Clark/Park transformation as

1 1 1
2 2
|22, B 3
il I I S
Uz 1 % 1
2 2 2
cos(0) sin(@) O Ug2
x | —sin(@) cos(@) O upp (®)]

0 0 1 Ue

According to above models, a discrete-time prediction
model of SOEW-PMSM can be obtained as

i = FR)i, + Gl —uly )+ HEK)  (©)
1 - %’3 T,k 0
where F(k) = —Ts* 1 — TLL;? 0 G =
0 0 -
£ 00 y fﬂ
0 LL; 0 | Hk) = I, and uf, and u¥,
0 0L 3wy sin(30) Ty
L, - L

are the voltage vectors of the controlled converter and the
uncontrolled converter, respectively; T is the period.
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B. CURRENT-VOLTAGE DUAL DELAY-COMPENSATION

In digital implementations, the existence of the one-step delay
compensation is unavoidable, and it would impact the whole
control performance. If this delay cannot be compensated
correctly, the control performance of the whole system gets
worse, especially under the condition of low sampling fre-
quency [20]. Thus, correct one-step delay compensation of
the SOEW-PMSM system is important for improving control
performance. However, this control system is driven by dual
converter, which causes the one-step delay compensation is
different from the conventional compensation method. There-
fore, according to the character of this SOEW-PMSM system,
a current-voltage dual compensation strategy is proposed,
which includes two parts, i.e., current one-step prediction of
the whole control system and voltage one-step prediction of
the uncontrollable converter.

1) CURRENT ONE-STEP PREDICTION
Similar to digital control implementation of the conventional
PMSM system, this SOEW-PMSM system also needs to
predict motor current of the next control period. Thus, predic-
tion model (6) can be used to implement current prediction.
However, in this system, it is worth highlighting that the
prediction current not only is used to compensate current
one-step delay, but also is adopted as condition to compen-
sate voltage delay of the uncontrolled converter. Therefore,
current prediction precision becomes a key factor to affect
compensation effect of this SOEW-PMSM control system.
To improve the current prediction accuracy, second-order
discrete model is used in this paper, which is shown as

= F ik dqz + G[uoa —uk, 1+ H(k)

dqz

@)
lk +1 _ %k+ l k +1 )
dgz dqz dqz

The value of ¥ d g !is calculated by the first equation of (7) as a

rough approximation of ifl;;] , which is forward Euler integra-
tion part. In thls part, the voltages generated by dual converter,
i.e.,uk and u* 5> Deed to be measured. And then, current d+l
is used in the second equatlon of (7) to obtain more accurate

prediction current ik dqz , this part is equivalent to trapezoidal

integration method. Finally the prediction current z/;;l in

compensation equation (7) is adopted to replace the sampled
currents i'[} - in prediction model (6) and simultaneously is
used as condition of voltage prediction for the uncontrollable
diode bridge.

2) VOLTAGE ONE-STEP PREDICTION OF THE
UNCONTROLLED CONVERTER

According to the compensation equation (7), the current of
the next control period is able to be predicted, thus the
phase current polarity can be adopted to predict the volt-
age of uncontrolled converter at (k 4+ 1)th instant, which is
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expressed as

k41 _ L —sgn (i§+1) Udc (i§+l <0)

Up = 2 Ude = 0 (l'k—i-l -~ 0)
a
— k+1 k+1

e _ 1 —sgn (zb )u | uae (zb < 0) ®)

b 2 ““o (ik+] > o)

b

o 1 —sgn (i’C‘H) e — Uge (i’c“Irl < 0)

< 2 o (>0

Then, the voltage ulo‘,‘fl of the uncontrolled converter in the

synchronous rotating frame is able to be gained based on the
Clark/Park transformation.

In order to compensate one-step delay, prediction model
(6) needs to be updated by the voltage ulglj] of the uncontrol-
lable convertor and the current ila‘l; according to (7) and (8),
which is shown as

i =FOigt! + G —ul N +HE 9
Therefore, the currents at (k + 2)th instant can be predicted
with different voltage vector %! of the controlled converter.
Fig.3 displays the structure diagram of the proposed compen-
sation strategy.

K+l
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FIGURE 3. The structure diagram of the proposed compensation strategy.

C. VECTOR DISTRIBUTION AND SELECTION
Based on 6 basic voltage vectors of the uncontrolled converter
and 8 basic voltage vectors provided by controlled converter,
the vector distribution of this SOEW-PMSM system can be
obtained. For example, if i, is positive, while i; and i}, are neg-
ative, vector V¢4 (011) can be generated by the uncontrolled
convertor according to Table 1, which can be described by
OD in the Fig. 4 (a). Similarly, vector -Vc4 can be described
by OA. Meanwhile, at point A, there are § voltage vectors
can be generated by the controlled converter. It means that
8 basic voltage vectors (Vp, V... V7) can be synthesized when
three-phase current satisfies i; > 0, i; < O and i, < O,
as shown as Fig. 4 (a). Similarly, if currents (i, ip andic)
satisfies different direction, different basic voltage vectors
can be obtained. Then the whole vector distribution of this
SOEW-PMSM system can be described as Fig.4 (b), which
includes 24 nonzero vectors and 1 zero vector.

In this paper, in order to achieve simultaneous control of
dg-axis current and the ZSC, the current errors based cost
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(b)

FIGURE 4. System vector distribution.

function is designed as follows
J = i:lqz — lggz(k +2) (10)

where ij,qz represents the current reference value. Then,
the basic voltage vector that minimizes this cost function is
selected as the best vector to apply for the motor.

According to the above analysis, it can be seen that it
is very simple for this SOEW-PMSM system to implement
simultaneous control of dg-axis current and ZSC by using
this current prediction method, which avoids the use of three
PI-based current loops and modulation strategy.

IV. IMPROVED PREDICTION CONTROL METHOD

Two voltage vectors used in one control period can improve
the steady-state control performance of model predictive
control system [18], [19]. Thus, this paper adopts the two
vectors concept to improve the simultaneous control ability of
dg-axis current and ZCS. It is worth noting that the control
system in literature [18], [19] includes a 2-level converter,
thus, 8 voltage vectors can be selected as candidate vector.
However, for the SOEW-PMSM system, two converters gen-
erate high up to 25 basic voltage vectors. When two basic
voltage vectors are used in every control period, the candidate
vector combination will reach 625(25%25). This means that it
is very hard to achieve two vectors based prediction control in
this SOEW-PMSM control system, since the vector selection
is very complex and time consuming. Therefore, this paper
presents a low computational complexity control strategy for
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this SOEW-PMSM system based on the controllable side
voltage vector optimization.

In this paper, the voltage vector selection of the
SOEW-PMSM system is transferred to the voltage vector
selection of the controlled converter by predicting expected
voltage reference vector. Then, the candidate voltage vector
combination is reduced from 625 to 42. Additionally, to aim
at the controlled converter, to further optimize voltage vector
and reduce computational complexity, o8-plane-sector based
vector selection strategy is presented in this session. Fig.5 dis-
plays the control block diagram of the proposed method.

k

u] \

Gz “* |Pulse 1 u

function en. Bl "
) S T

[

ol

Duration 6
calculation @D _{do I OW-
dt PMSM

Current prediction |
Model (21)

i =0 —f

=0 Voltage reference

g =] diction (14
d :‘ i‘ prediction (14)
ug . [ |

Current-voltage
dual delay

(9) and (10)

FIGURE 5. Control block diagram of this proposed prediction control
strategy.

A. REFERENCE VOLTAGE PREDICTION OF
CONTROLLED CONVERTER
To reduce system computation burden, the valid candidate
range of voltage vector combination need to be decreased
reasonably. Therefore, in this paper, the expected reference
voltage of the controlled converter is predicted adopting the
current deadbeat principle.

According to the basic deadbeat principle, when the pre-

.. k+2 - o
dictive current i dgz 1S equal to the current command i gz’

which means that cost function (10) would reach zero at the
end of the next control period, the expected voltage vector
of the OW-PMSM system at the next control period can be
predicted as [27]

e = W =l = G [, — FOOSE — o
(11)

where u,s is the expected reference voltage of SOEW-PMSM
system at the (k 4+ D)th instant. This voltage vector can be
used as the reference vector to select the candidate vector.
But, the number of the candidate voltage vector combination
under the control of dual vector prediction method would
reach 625 (the first and second voltage vector both have
25 kinds of voltage selection, i.e.,25 % 25 = 625), when
Uy is used as reference vector. Therefore, in order to reduce
the computational burden, the voltage selection target in this
paper is changed from the whole SOEW-PMSM system to the
controlled converter. Then, according to (11), the expected
vector of the controlled converter at the next control period
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FIGURE 6. Sector distribution diagram.

can be predicted as

] =ty + ! =G 17, OO —H 0] + !
(12)

The relationship between ug;f and the expected vector u,,r
of the whole control system is shown in Fig.6. It can be
seen that the controlled converter generates 8 basic voltage
vectors (6 nonzero voltage vectors and 2 null voltage vectors),
which means that the number of the candidate voltage vec-
tor combination under the control of dual vector prediction
method would reach 42 (the first and second voltage vector
have 6 and 7 kinds of voltage selection, respectively, i.e.,
6 x 7 = 42). Thus, the computational time of the voltage
selection can be greatly reduced compared with 25 basic
vectors provided by the whole OW-PMSM system.

B. VECTOR SELECTION

After obtaining the expected voltage vector of the control-
lable converter, its phase angle in o8 frame is able to be easily
calculated as

6 = arctan (u/r;f / u’® ) (13)

ef

/ and u;

B
where uy

of ug;f . Based on this phase angle (13), the o8 plane can

be divided into twelve sectors, which are displayed in Fig.6.
Three voltage vectors (2 zero voltage vectors and 1 nonzero
vector) are contained in every sector. Then, the expected
voltage vector can be used to determinate the candidate volt-
age vector combination according to the sector position of
the phase angle. For example, if phase angle (13) satisfies
6 € (0°,30°) at the current control period, it means that
the expected voltage u(r,i,f is in the sector-1, while the first
voltage vector of controlled converter should select nonzero
vector u1. In this case, it is obvious that the nonzero volt-
age vector uy is close to the expected vector uZZf, thus, the
second vector should be selected from nonzero vector up
and two null vectors up and u;. Similarly, voltage vectors
should be determined based on this similar selection mode,

represent o—axis and B-axis voltage

69951



IEEE Access

X. Zhang et al.: Dual Delay-Compensation-Based Model Predictive Control

if the expected voltage u,r,flf is in other sector. The relationship

between the sector number and the candidate vector is given
by Table 2.

TABLE 2. Sector distribution and selection relation of the first and
the second voltage vector of controllable converter.

Sector 1 2 3 4 5 6 7 8 9 10 | 11 12
The first

vector wup | up | ux | ouz | Uz | Ug | Uy | Us | Us | Us | Us | U
The

candidate | 40 | o | Uo | Uo | uo | Uo | Uo | U | Ug | Up | Up | Up
second up | up | ouz | ux | ug | Uz | Us | Uy | Us | Us | U | U
vector uy | Uz | uz | uy | uz | uy | uy | uy | uy | uy | uy | uy

According to aforementioned analysis, it can be seen that
the proposed strategy for SOEW-PMSM system only need
test 3 kinds of vector combination at every sector, which
avoids evaluating all the vector combinations, and further
reduces the system calculation load.

C. VECTOR APPLICATION TIME COMPUTATION
Since one system control period includes 2 vectors, appli-
cation time of two vectors should be calculated. Therefore,
the current slope needs to be obtained by the current differ-
ential equation (14) [27].

digy; 1

dr Ly,

Then, based on (14), the current slope s of the SOEW-PMSM
generated by selected first vector u;a, and slope sy generated

by second vector u2, can be calculated as [27]

(uoa — Uop + Rigg; + edqz) (14)

dlqu 1 1 .

n= = (ke = o + Ricg: + eaz) (15)
dlqu 1 2 .

sy = 7 = —qu (uaa — Uop + Rigg; + edqz) (16)

Based on the slope s and s, the current expression is able to
be rewritten as

K32 = &5 4Ty + (T = Ty) (17)

where T7 and T5-T7 are the application time of the first

and second vector, respectively. And then according to cur-
rent deadbeat principle, i.e.,i](}“f = ij} - the application time

T} is able to be calculated as below [27]

: A+1
[l;‘}qz —lggz — S1Ts] ~(s1 = 52)

T = (18)

(s1 — 52)*
Next, substituting the first voltage vector and its application
time 77 into prediction model (19) is able to predict the
dq0-axis current of the three candidate second vectors [27].

T T

k42 k41 1 1 1 2

ldf{z :F(k)zdjZ —I—EGuaa—{—(l - E)Guoa — Gugp + H(k)
(19)

Finally, the cost function (10) is used to test every candi-
date second vector and the vector that has minimum cost
function value is considered as the best second vector.
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FIGURE 7. Experimental platform of OW-PMSM generation system.

TABLE 3. Parameters of system.

d- and g-axes inductances
Zero sequence inductance Ly=4.3mH
Stator phase resistance R=1.5Q
Number of pole pairs P=2

Load resistance Ri=50Q

Flux linkage of permanent magnets | y, =0.2404Wb

Ly =L, =5.292mH

without zero-sequence with zero-sequence
current suppression current suppression
I T 1

- la(10A/div)

&~ Ug(90V)

+Ip(2A/div)

(a) .
with zero-sequence

without zero-sequence
L current suppression
I

current suppression

o 1,(10A/div)

 Ug(90V)

ig QA/div)

(b)
FIGURE 8. Comparison results of the ZSC, (a) Method-I, (b) Method-II.

V. EXPERIMENTAL VERIFICATION
In order to test the validity of the proposed methods,
experimental platform was built, as shown as Fig.7. The
SOEW-PMSM parameters are given in the TABLE-3. In this
paper, for simplicity, the proposed control strategy with dual
delay compensation is named as Method-I, the proposed
control strategy with controllable side vector optimization is
named as Method-II, and the control method proposed by
paper [20] is named Method-III.

The experimental results of the Method-I and Method-II
are shown in Fig.8 and 9, which prove that the existence of
the ZSC can lead to large current ripple. In addition, from the
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(@

(b)

(c)

(d)

FIGURE 9. THD comparisons of phase current, (a) Method-1 without ZSC
suppression, (b) Method-Il without ZSC suppression, (c) Method-I with
ZSC suppression, (d) Method-Il with ZSC suppression.

comparison test of Fig.9 (a) and (b), it is seen that the ZCS has
less influence under the control of the Method-II, compared
with the Method-I.

On the other hand, the current waveform can be signif-
icantly improved when the ZSC is suppressed. Under the
control of the Method-I method, current harmonic is reduced
to 13.96%; and under the control of the Method-II method,
current harmonic is reduced to 8.39%. From above analyses,
it is proved that Method-II has better ZSC control ability than
the Method-I.

VOLUME 7, 2019

The steady-state performance comparison of three meth-
ods is given by Fig.10, in which the SOEW-PMSM speed and
DC voltage command are set as 500r/min and 90V, respec-
tively. From Fig.10 (a) and (d), it is shown that high ripple
exists in the current waveform and the fluctuation of ZSC
is about =1.2A, when the Method-I is used in this system.
From Fig.10 (c) and (f), it is shown that when Method-III
(paper [20]) is used, the ZSC fluctuates at £0.6A. However,
On the other hand, according to Fig.10 (b) and (e), it is
obvious that when the generation system is controlled by
the Method-II, the whole control performances are improved
significantly. Especially, the ZSC drops by 61.6% from 1.2 A
to 0.46 A. Thus, the above-mentioned experimental results
prove that excellent current control ability can be obtained
under the control of three methods. However, by comparison,
Method-II can gain better steady state control performance.

In order to compare the dynamic control performance,
the control response results of three different methods are dis-
played in Fig.11 under the condition of dc voltage mutation.
The experimental results show that three methods have excel-
lent tracking control ability and good dynamic performance.

Additionally, experimental results when resistance and
inductance parameter mismatches exist in the control system
are given in Figs.12 and 13 with the sudden change of the
dc-voltage command. Fig.12 shows the dq-axis current and
their responses when resistance exists mismatch. From exper-
imental results, it is seen that resistance mismatches have no
obvious influence on control performance, when Method-I,
Method-II and Method-III are applied for this generation
system, respectively. Fig.13 shows the dg-axis current and
their responses when inductance exists mismatch. From this
waveform, it is obvious that when inductance used in the
model is larger than the actual value of the motor, three
methods would cause the increase of the current ripple. On the
other hand, when inductance parameter used in the model is
smaller than the actual value, the Method-I and Method-II1
both causes a little current static error; however, this current
tracking error caused by inductance mismatch is not obvious
by the control of the Method-II. Therefore, from experimental
results of the Figs.12 and 13, it is obvious that three methods
have suppression ability when parameter mismatches occur,
however, Method-1II has better suppression effect compared
with Method-I and Method-III.

In order to further validate the proposed method
(Method-II), the three-phase current and ZSC waveforms
of three different methods are shown in Fig.14 when dc
voltage reference is suddenly changed from 90V to 50V. It is
obvious that the current control performances of the proposed
Method-II better than that of other methods.

Fig.15 shows that dynamic responses of dc bus voltage
and motor currents under the condition of prime mover speed
variation. It is obvious that three methods have good dc volt-
age tracking characteristic. Additionally, the torque responses
are tested in this paper, when three different methods are
used with dc voltage command sudden change (According
to power balance principle between AC side and DC side in
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FIGURE 10. Steady-state experimental results at speed of 500r/min. FIGURE 11. Dynamic performance comparison, (a) Method-I,
(a) Method-1. (b) Method-Il. (c) Method-IIl. (d) Method-I. (e) Method-II. (b) Method-Il, (c) Method-Ill, (d) Method-1, (e) Method-II, (f) Method-III.

(f) Method-111.
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® ®

FIGURE 12. Experimental results of resistance parameter mismatch

(a) R = 1.5RM in Method-I (b) R = 1.5RM in Method-II (c) R = 1.5RM in
Method-IIl (d) R = 0.5RM in Method-I (e) R = 0.5RM in Method-Il

(f) R = 0.5RM in Method-11I (RM is the actual resistance of the motor).

FIGURE 13. Experimental results of inductance parameter mismatch

(a) L = 1.5LM in Method-I (b) LM = 1.5LM in Method-II (c) LM = 1.5LM in
Method-IIl (d) L = 0.5LM in Method-I (e) L = 0.5LM in Method-II

(f) L = 0.5LM in Method-III (LM is the actual inductance of the motor).
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(a)

(b)

(c)

FIGURE 14. Current waveform when dc bus voltage reference changes,
(a) Method-1, (b) Method-lI, (c) Method-III.

generation system, i.e., Te*xn/9550 = P = ugc * ugc/R, dc
voltage uq. variation is equivalent to the torque 7, variation
under condition of the same speed and load.). The test results
are shown in the Fig.16, which indicates that three different
methods have quick dynamic response and good disturbance
rejection performance.

Additionally, the calculation time comparison is given,
when Method-I and Method-1II are adopted, respectively. The
Method-I requires 45.02u s to complete code operation, and
the calculation time of proposed Method-II in this paper is
reduced to 41.59u s. It indicates that the algorithm calculation
time can be effectively reduced by the proposed Method-II.
On the other hand, the method proposed in paper [20] (named
Method-III) also is carried out to compare with the proposed
method. The average calculation time of the Method-III is
40.76u s. The comparison results reveal that the Method-II
needs a bit more calculation time compared with Method-III.
The reason is that candidate voltage vectors of the Method-II
is 3, however, Method-III needs select optimal vector from
1 candidate voltage vector, 2 candidate vectors or 4 candidate
vectors in a control period according to different voltage
sector. Although the proposed method needs more calcula-
tion load compared with literature [20], the better control
performance can be obtained.
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(b)

(c)

(d)

(e)

(f)

FIGURE 15. Dynamic responses of dc bus voltage and motor currents
with speed variation, (a) Method-I, (b) Method-II, (c) Method-III,
(d) Method-1, (e) Method-II, (f) Method-III.

In order to compare different methods more intuitively,
the experimental results shown in this paper are quantitatively
provided in the TABLE 4.
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(a)

(b)

(c)

FIGURE 16. The torque variation test at the speed of 500r/min,
(a) Method-1, (b) Method-1I, (c) Method-III.

TABLE 4. Control performance comparison of the different methods.

Method
Method-I Method-II Method-IIT
Performances
S oo | Lyge | Smal | Mtom
fluctuation ) (1.24) (eloy (0.6A)
Dynamic performance Good Good Good
(voltage tracking time) (55ms) (50ms) (55ms)
oo | g | Gmd | edm
(maximum static error) (0.484) ©) (0.38)
. High Medium Low
Computation burden (45.02us) | (41.59us) | (40.76us)

In order to test the effectiveness of the proposed control
method at high speed and high current conditions, the experi-
mental results at the condition of rated speed and rated torque
are given by Fig.17. The experimental results further verify
the effectiveness of the proposed methods under the condition
of rated speed and rated torque.

In summary, all above results indicate that under the con-
trol of the three methods, the zero-sequence current existed
in the SOEW-PMSM system can be suppressed effectively.
Compared with Method-I, the proposed Method-II has better

VOLUME 7, 2019

(al)

(b1)

(a2)

(b2)

FIGURE 17. Steady-state experiment results at the rated speed and rated
torque, (a1) (b1) MPCC-1 method, (a2) (b2) MPCC-1l method.

steady-state control performance, better parameter robustness
and lower computation burden. Compared with Method-III,
although the proposed Method-II needs more computation
time, the better control performance and the better parameter
robustness can be obtained.

VI. CONCLUSION

In this paper, a simple prediction control for SOEW-PMSM
system is presented, which avoid the use of three current
controllers and extra modulation design for the zero-sequence
suppression; moreover, the dual delay compensation strat-
egy is proposed in this paper to improve the control per-
formance; furthermore, the control method based on the
controllable side vector optimization is presented to reduce
the computation burden and further improve the steady-state
control performance.
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