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Improved Model Predictive Control With New Cost
Function for Hybrid-Inverter Open-Winding PMSM
System Based on Energy Storage Model

Chong Sun"”, Dan Sun

Abstract—Conventional model predictive control (C-MPC) usu-
ally leads to considerable torque and current ripples since only
one voltage vector is applied. In addition, the C-MPC applied in
the hybrid-inverter) driven open-winding permanent magnet syn-
chronous motor (OW-PMSM) suffers from complex tuning work
of weighting factors and iterated evaluation work of all potential
vectors because the capacitor voltage constraint in cost function is
related to the switching states. In this article, an improved three-
vector MPC based on energy storage model is proposed for the
HI-OW-PMSM system. Firstly, a new prediction model of dc-link
capacitor voltage based on energy storage model is proposed thus
the capacitor voltage constraint is decoupled to the three-phase
switching states. Furthermore, a novel restructured cost function
without weighting factors can be obtained. Accordingly, by using
the new prediction model and the novel cost function, the voltage
reference can be easily obtained and a three-vector based prediction
strategy without sector division can be carried out to achieve opti-
mal voltage vectors selection and duty cycle calculation. Therefore,
the system performance is improved and the calculation burden is
also reduced. Finally, comparative experimental studies are carried
out to validate the effectiveness of the proposed improved three-
vector MPC method.

Index Terms—Model predictive control (MPC), permanent
magnet synchronous motor (PMSM), simplified three-vector
selection strategy.

1. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) have

been widely used in various motor drives, e.g., electric ve-
hicle, aerospace and transportation due to their great advantages
of simple structure, high power density and efficiency [1]-[3].
Meanwhile, open winding topology has gained popularity owing
to its great features such as two terminal inputs/outputs, flexible
power supply modes, multilevel characteristic and fault-tolerant
capability [4]-[7]. Therefore, the open winding permanent mag-
net synchronous motor (OW-PMSM) system has drawn increas-
ing attentions [8]-[10].
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The OW-PMSM system can be characterized by different
power supply topology, including common dc bus topology [8],
isolated power supply topology [9] and hybrid power supply
topology [10], [11]. Among these different kinds of topologies,
the hybrid power supply topology applies a dc power source and
a floating dc-link capacitor to supply the power of two isolated
inverters and it is also called as hybrid-inverter (HI) structure
[10], [11]. Compared with the other two kinds of structures, the
HI structure requires only one power source and has no zero
sequence circuit, which reduces the volume of the OW-PMSM
system and avoids the zero sequence current [8], [9]. In addition,
the HI structure can also achieve a wide speed operation range
when the dc-link capacitor is well tuned to supply the reactive
power. Therefore, the HI-fed OW-PMSM (HI-OW-PMSM) and
its control strategy have attracted wide focus [5], [10], [11].

In recent years, finite-set model predictive control (MPC)
has gained increasing attention in OW-PMSM drives due to its
intuitive principle and flexibility to include multiple nonlinear
constraints [12]-[15]. In the HI-OW-PMSM system, the control
constraint of dc-link capacitor voltage can be included into
the cost function in addition to the control of torque and flux
[15]. However, since more control targets are included in MPC,
the tuning work of weighting factors becomes complicated.
Meanwhile, conventional MPC (C-MPC) applies only one op-
timal voltage vector in each control period and the steady state
performance of the control system needs to be improved. In
HI-OW-PMSM system, the capacitor voltage is coupled to the
switching states of both inverters, so all different switching states
need to be evaluated with the cost function and the calculation
burden of C-MPC becomes relatively high [15].

In order to remove the complex tuning work of weighting
factors in C-MPC, several low-complexity MPC strategies have
been proposed. The constraints of torque and flux in the cost
function are either converted into the constraint of an equivalent
flux vector [16], [17], or converted into the constraint of an
equivalent torque vector [18], [19], therefore, the weighting
factors can be eliminated. Apart from that, [20] proposes a
model predictive current control for semicontrolled OW-PMSM
without weighting factor by employing the d—g—0 components
of stator current as three control constraints. It can be seen that
these mentioned control constraints in the cost function are all
selected from the normal state variables in the driven system,
such as flux, torque or current, thus the weighting factors can be
eliminated by unifying the control constraints into a single state
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variable. However, in the HI-FOW-PMSM system, the dc-link
capacitor voltage constraint is the state of dc-link capacitor but
not the state of PMSM. Because the dc-link capacitor voltage is
determined and coupled to the stator current and the switching
states of inverters, it is difficult to directly convert the dc-link
capacitor voltage to torque, flux or current in the same way as
that in the literature mentioned before.

In the OW-PMSM system, the increased number of candidate
voltage vectors and switching states leads to high calculation
burden of MPC and simplified MPC strategies have been inves-
tigatedin [21] and [22] to reduce the number of candidate voltage
vectors. In [21], the principle of DTC is combined with MPC
and the number of candidate voltage vectors is reduced from
19 to 6. The optimal voltage vector is selected under A-B-C
reference frame in [22] and it requires three times of evaluation
in each phase and the evaluation times is reduced from 27 times
to 9 times. However, in the HI-OW-PMSM system, the dc-link
capacitor voltage constraint is coupled to the stator current
and the switching states of the inverters [15]. The evaluation
times of switching states cannot be reduced with the decreased
number of the candidate voltage vectors. In order to avoid the
complicated selection of candidate switching states, the dc-link
capacitor voltage constraint needs to be converted as a voltage
control target and be unified with other control targets in the
HI-OW-PMSM system.

Apart from that, there are some modified strategies proposed
to reduce the torque and flux ripples caused by single vector
based MPC. A three-vector-based MPC has been proposed in
[23] and the duration calculation is considered complex due to
the trigonometric calculation. The trigonometric calculation is
avoided in [24] and [25], but the selection of optimal voltage
vectors still requires sector determination to locate the refer-
ence voltage vector. Zhang er al. [26] proposed a simplified
multivector-based MPC method, in which the applied voltage
vectors and duty ratio optimization are determined and cal-
culated through cost function. However, the duration calcula-
tion will become complicated when there are more than two
constraints in the cost function. Among the above methods,
the selection and duration calculation of the optimal voltage
vectors rely on the reference voltage vector. However, in the
HI-OW-PMSM system, the capacitor voltage constraint cannot
be converted to motor state variables and it is difficult to unify
the control targets as a reference voltage vector. Moreover,
the switching states of the optimal voltage vector have direct
influence on the capacitor voltage and those methods men-
tioned above cannot be directly applied in the HI-FOW-PMSM
system.

The main contribution of this article is to propose an improved
three-vector-based MPC (ITMPC) for the HI-OW-PMSM sys-
tem by converting the capacitor voltage constraint into an en-
ergy storage form and further eliminating the weighting factors
in the cost function. Based on the restructured cost function,
a novel three-vector-based MPC strategy is achieved without
sector division and complex calculations, which simplifies the
computational burden compared with space vector modulation
(SVM) MPC proposed in [26] and [27].
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Fig. 1. Block diagram of the HIF-OW-PMSM system.

II. MATHEMATICAL MODEL OF THE HI-OW-PMSM
A. Modeling of the HI System

The HI-OW-PMSM with a dc-link capacitor studied in this
article is illustrated in Fig. 1, where the neutral point of the
stator winding of PMSM is opened and the system is connected
with a inverter fed by a dc-link voltage source Vg., named as
main inverter (MI), and an inverter fed by dc-link capacitor V¢,
named as conditioning inverter (CI), respectively. Due to the
dc-link capacitor can supply reactive power, it can achieve a wide
speed operation range by well tuning of the dc-link capacitor
voltage.

Based on the Kirchhoff’s laws, the voltage vector generated
by the HI system in the a—( stationary reference frame can be
expressed as

w] 1[2 -1 -1 561 y
ug o 310 0\/> —\/3 Sbi de
] S'12
112 -1 —1 €
1 Svo | Via 1
3 |:0 f _\/g_ sz P ( )

where S,, S}, and S, denote the switching states of the three-
phase leg a, b, and c, respectively (S = “1” denotes the upper
leg of switch device is turn ON and the lower leg is turn OFF; S
= “0” denotes the opposite).

Hence, according to (1), the voltage vector generated by the
HI system is determined by outputs of both MI and CI, which
can be further simplified as

UaB = UMI-af — UCI-af- 2)

When both inverters are two-level three-phase in this article,
there are 2° = 8 switching states in total corresponding to all
potential 8 voltage vectors as shown in Fig. 1(a) and (b). In order
to simplify the theoretical analysis, the ratio of 1:1 is employed
for V. and Ve,p,, and thus a three-level voltage can be produced
as shown in Fig. 2(c), there are 2° x2% = 64 switching states in
total in the HI system.

B. Modeling of the OW-PMSM

The dynamic equations of the stator voltage, flux and torque
of the OW-PMSM system in d-q reference frame are expressed

as
uq | iq Yq —,
B R b R R B
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Fig. 2. Voltage vector plane of the HI system. (a) Main inverter. (b) Condi-
tioning inverter. (c) Hybrid-inverter.
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where uq and u, denote the d- and g-axis component of stator
voltage ug, respectively; Rs and W are the stator resistance
and the permanent magnet flux linkage, respectively; ¢q and
iq denote the d- and g-axis component of stator current i,
respectively; p denotes the differential operator; ¥4 and ¥
denote the d- and g-axis component of stator flux linkage Wy,
respectively; Lq and L, denote the d- and g-axis component
of the stator inductances, respectively; w, is the electrical rotor
speed; T;, and [V, are the electromagnetic torque and the number
of pole pairs, respectively.

By discretizing the dynamic (3)—(5), the discrete model of
OW-PMSM is expressed as

k 373 k+1 k k
ug | 1§ l Wi — Wd -
A= ] e ] e ] @

a a
wET g 0 ][5 Ty
[wg“ o L) [T o @
3 , ,
TEH = SN (@5 thigth — wi it (8)

1. C-MPC ForR THE HI-OW-PMSM

In HI-OW-PMSM system, the dc-link voltage of the capacitor
becomes an additional control target apart from the control of
torque and flux. Therefore, the current model of capacitance volt-
age is used to realize control of capacitor voltage in C-MPC and
additional control targets and weighting factors are introduced
in the cost function.

A. Current Model of Capacitance Voltage

In [15], a current model is used to evaluate the capacitance
voltage, hence the capacitance voltage constraint in cost function
can be expressed related to the stator current and the current
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model of V¢, can be expressed as
AVeap . 1
= ldc_cap 9
at e oo ©)

where C'.,;, denotes the de-link floating capacitor and the éqc_cap
can be obtained as [15]

T

95)

: )12 -1 -1 Sa2 ia (10)
ch_cap - 3 0 \f 7\/§ Sb2 ZB
c2
where i, and ig denote the a and 3 component of the stator
current.
By discretizing (9), the discrete current model of V., in [15]
is given by
k i§ k
+1 c_cap
V::ap =ts- + V;:ap (1)
cap
where tg denotes the control period; the superscript “k” and
“k+1” denote the system states in (k)th and (k+1) th control
instant, respectively; the iﬁc_cap is expressed as
Sa2k *

K
Sha

i k
L] e
SC2

)12 -1 4
chfcap_ 3 0 \/> _\/g

B. C-MPC Based on Current Model

The basic principle of C-MPC is to select an optimal voltage
vector that minimizes the cost function and thus a satisfactory
system control performance can be obtained. In the HI-OW-
PMSM system, the cost function of C-MPC is expressed as (13)
in order to select the optimal voltage vector that has minimum
tracking error of torque, stator flux and V.,

g = ’|!ps‘ref _ (|Ws|k+1) ‘

i

+ | T — (TEY) [ A+

Vref . (Vk-i-l) )

cap cap

Ay (13)

where A; and Ao denote the weighting factors of control con-
straints torque 7;, and dc capacitor voltage V.., respectively;
the superscript “ref” denotes the reference value; the subscript
“1” denotes the future value which is corresponding to a certain
voltage vector u; when evaluating all potential vector.

By using the discrete model of (6)—(8) and (11), the system
prediction model of &, |¥+1, T+ and VX+! are derived as

cap
wEr ] ok uk] | Rt [
] = w-omo [ e [GE] 2 [0
(14)
© k417 k+1
14 v Wf
o] =2 (] [5]) ®
[zqk“_ wtt 0
k 2 2
N R
TEN = N, (R i)
‘/Cka—gl = tS : Z'lctlc_cap/cvcap + V;:l;p (17)
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Fig. 3. Control block diagram of the C-MPC for the HI-OW-PMSM system.

—Wy ] E _ [l/Ld 0

where D = [RS/ La 01 /Lq]; I is the identity

wy Rs/Lq
matrix.

According to the voltage vector plane of the HI system in
Fig. 2(c), there exists 64 different switching states and 64 poten-
tial voltage vectors. Hence, by using the prediction model (14)—
(17), it will generate 64 possible prediction results (| [F*1);,
(TF1); and (VESY);, where i = 12...64.

Finally, by substituting all 64 prediction results into the cost
function (13), the switching state that minimizes the cost func-
tion is selected as the optimal one, and thus the corresponding
voltage vector is selected. The control block diagram of C-MPC
for HI-OW-PMSM is shown in Fig. 3.

It can be seen that the procedure of voltage selection is
time consuming and with high calculation burden because of
the prediction and evaluation work of all 64 voltage vectors.
Furthermore, a considerable static ripple will be obtained in
the C-MPC because employing a single voltage vector during
each control period. Besides, the existence of the capacitance
voltage constraint will further expand the divergence between
the selected voltage vector and the reference voltage vector,
hence deteriorates the dynamic and steady state performance of
C-MPC. Meantime, in order to ensure stable control of capacitor
voltage, the complex weighting factors tuning work for two
weighting factors is needed for C-MPC.

On the other hand, multivector-based MPC method is difficult
to employ in HI-OW-PMSM to suppress the torque ripple. Since
Veap 1s coupled to the stator current and the switching states of
inverters, as shown in (10) and (11), it is difficult to calculate
the voltage reference by dead-beat method or determine the
optimal voltage vector as that in [23], [24], and [28]. Therefore,
simplified voltage selection and duration calculation schemes
are difficult to achieve. Moreover, the dc-link capacitor voltage
constraint is difficult to be directly converted into torque, flux
or current for the purpose of eliminating these two weighting
factors. Thus, it is necessary to reconstruct the predictive model
and the cost function to realize simple multi-vector based MPC
control.

IV. PROPOSED ITMPC METHOD

In this section, a new prediction model of V¢, is proposed and
the two weighting factors in the cost function can be eliminated.
Accordingly, by using the new prediction model, a voltage
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reference is obtained and an improved three-vector prediction
strategy without sector division can be carried out to achieve
the three optimal voltage vectors and their duty cycles, which
improves the torque control performance and reduce the system
calculation burden effectively.

A. New Prediction Model Based on Energy Storage Model

In order to decouple the V., from the stator current and
inverter switching states, a new prediction model based on
energy is proposed. The energy stored in V¢, can be expressed
as

1

Weap=75Ceap - Veap (18)

where W, denotes the energy stored in Vi,,. Therefore, the
fluctuation of W, during one sampling period can be calcu-
lated as

(19)

cap

1 2 2
AWCap = iocap [(Vk_H) - (V::I;p) } .

Meanwhile, the active power P flows through CI can be
expressed as

P = UCT_act * |745‘ (20)

where ucy_ac¢ denotes the active component of CI output volt-
age; |is| denotes the amplitude of stator current vector; P > 0
denotes the active power flows from Cc,p, to PMSM and P < 0
denotes the active power flows from PMSM to Cap,.

Since the intrinsic of W,,, fluctuation is caused by the active
power flowing from the CI, the AW, can be further expressed
by substituting (20) into (19), as follows:

AWeop = lccap [(Vkﬂ)? _ (Vk )2}

2 cap cap
:P'ts'n:uCI_act'|7:s|'ts'n (21)

where n = 1, 2, 3 ... denotes the charging step.
Hence, a new prediction model of Vé;;gl can be derived from
(21) and expressed as

Vit = \/(V};p)2 T (uCI_mk i< 2) /Ccap. 22)

B. Novel Cost Function

In order to eliminated the weighting factor for torque con-
straint, 74 = 0 control mode is employed. According to [28],
cost function (13) can be simplified as

g = ‘Wéd _ W(li(+1| + |W(1;cf _ W(ll(+1|

+ |Vl — vt (23)

cap cap

It can be seen from (23) the weighting factor for capacitance
voltage constraint still exists. In order to further simplify the
cost function to realize multivector MPC, the energy prediction
model is employed to eliminate the weighting factor.

Based on the principle of MPC, the optimal voltage vector
is the vector that minimizing the cost functions. It can be seen
from (23) that the cost function g; will get minimum (equals to

zero) when Wé‘/zl and chprl equal to their references Wé‘;g and
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Vcrzfg Hence, combining (14) and (23), the minimum condition

is expressed as

s R/ R R A (wr — Ryif) -t

T =@t = W Ukt — (0, P + Raik) -t

V=Vt = \/ (V)" + 2) /Cea.
24
ref ( )

By solving (24), the voltage vector umf and ugy ., that make

(UCI_actk ‘ |7/s |k

both kal and VX+1 following their references without errors

cap
are obtained as

uweh = (W' — @) [t + Reik — w P

ref ref k -k k

Uy (‘P Wq)/ts + Rszq + w, W (25)

ur'sty = [(Vaeh)” = (V)] - Cean/ (2% 1)

where ugef and umf denote the d and ¢ component of system
output voltage vector reference ul®’; ufsf . denotes the refer-
ence of the active component of CI output voltage. That is to
say, if the HI outputs the uref and the reactive component of
Clis equal to uCI act» the system will perform with no tracking
error. Furthermore, it can be seen from (14) and (22) that the
predictive ¥+, @it and ulh lcap increase monotonously with
the increase of uq, uq and ucy_act. Hence, the tracking errors of
Vq,/q and Ve, are equivalent to the tracking errors of ugq,, and
UCT_act-

In this way, the cost function g; can be further simplified as
(26), where the torque and flux control constraints are replaced
by the d and g component of stator voltage vector

¢ = ’uff — u(lj“’

+ ‘ugef o k+1| )

k+1 f
Uq+ ‘ + |uCI_actre — UCT_act (26)

It can be seen from (26) that the weighting factors in the novel
cost function have been effectively eliminated by introducing the
new prediction model of the capacitor voltage. Using the novel
cost function, it is feasible to further apply a three vector scheme
in MPC for the HI-OW-PMSM system.

C. Voltage Reference Distribution Between Two Inverters

As discussed previously, the basic principle of C-MPC is
transformed to determine the voltage vector that minimizing
the tracking error of ug,q and ucy act With their references.
However, the CI mainly supplies reactive voltage and requires
active voltage to maintain the V¢, and thus the MI supplies the
whole active voltage and the rest of reactive voltage when CI
could not supply all the required reactive voltage.

Hence, the reference value calculated in (25) needs to be
distributed to both MI and CI to ensure the optimal output
voltages of MI and CI. The voltage reference distribution is
shown as Fig. 4, where subscript “act” and “rea” denote the
active and reactive voltage component, respectively; 6; denotes
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Fig. 4. Schematic diagram of voltage reference distribution of MI and CI.

the angle of the stator current z4; CI limiter is to prevent the
voltage reference of CI from exceeding its maximum value.

According to the value of V.., the CI limiter is expressed as
following two cases.

1) When y/(ts rea®®)® + (uct_act™)? < Veup/V/3 . that is
to say, the CI is able to supply the whole system reactive
voltage, the output of CI limiter is obtained as

{ UL,_act = uCI_actre (27)

_ ref
UL_rea = Us_rea .

2) When \/(us_reamf)2 + (UCI_aCtrCf)2>Vcap/\/§ , that is
to say, the CI is unable to supply the whole system reactive
voltage, the output of CI limiter is obtained as

_ f
UT,_act — UCL_. actre

wtvea =/ (Vean/V3)” —

The transformation of dq to active/reactive is expressed as

] = [ oty mmie =] ]

The transformation of active/reactive to a3 is expressed as
Ug | | sin(6;) —cos(6:) | | Uact
ug | | cos(6;) sin(6;) Urea |

Hence, the reference u*f and uf§f , . are divided into u};;

ref 1 efficiently.

(28)
UCI act ref ) 2

(29)

(30)

and ug

D. Three-Vector Strategy Without Sector Division

After obtaining the reference ulr and ui$!, each inverter

(MI and CI) is required to determine an optimal voltage that
has the lowest tracking error with the reference to achieve the
good dynamic and steady-state performance. In order to im-
prove the control performance, three-vector can be adopted. The
multivector-based MPC usually require complex calculations or
SVM calculation procedures, which will introduce additional
sector division work. In order to reduce the large calculation
burden of the conventional SVM-based multivector scheme [26],
[27], an improved three-vector strategy without sector division
is proposed in this article.

It can be seen from Fig. 2 that both MI and CI have the same
hexagon voltage plane. Therefore, for a certain reference ul5} or
urcellc , the determination work of three vectors in both MI and CI
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Fig. 5. Basic principle of the proposed three-vector simplified strategy.

TABLE I
VECTOR PROJECTION OF U*®f TO SIX VECTOR

Basic vector Vector projection The order of the projection
u 7 1
u, 7 2
us 73 3
U, -r 6
us -1 5
u -r3 4

are the same. Taking a normal hexagon voltage plane as example,
Fig. 5(a) shows the basic principle of the proposed three-vector
strategy, where the red line denotes the voltage reference u"f
(such as uf\?ﬁ or urcelf ). The blue lines 71, 72, and r3 denote the
vector projection of u™f to uq, us, and ugs, respectively, which

is calculated as

S wfay  ua"Fugtugtfugg

1= TTuq] 2/3Vae

ro — Wuz _ o™ ug o tugfuzg 31
2 = Tug| 2/3Vae

ra — urefﬂuz - uaref‘u.’ia""u[%ref‘usﬁ

3 = Tug| 2/3Vae

where V. denotes the dc-link voltage.

Therefore, it is easy to conclude that the vector projection of
u™f to uy, us and ug is —rqy, —r2 and —rs, respectively. Table I
gives all vector projections of u™! to six basic vector and the
order of the projections amplitudes.

Then, the proposed strategy is implemented as follow:

First, the three vector chosen in the next control period should
be determined. According to Fig. 5(b), the applied vectors should
be selected as w1, wo, and ug. It can be seen from Table I that
the applied vectors w; and us correspond to the two vectors
with the highest projections amplitudes. Accordingly, it can be
concluded that the three optimal voltage vectors consist of two
voltage vector with the largest vector projection value and a zero
voltage vector.

Second, determine the duty cycles of three vectors. In order to
synthesize u*f without error, the duty cycles of ug, w1, and us
arets — t1 — to, 11, and ¢, according to Fig. 5(b). Due to «DOC
= Z/EAC = ZEBD = 7/3, the relationship of ¢, t5 and r1, 5
are expressed as

{Tl = (tl + %) ’ "u’1| (32)

ro = (tz + %) - Jual.
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Solving (33), the duty cycles of w; and us are expressed as

{tl = (2r1 —r2) - 2 /|u1| = (2r1 — r2)/Vae
ty = (2ry — 1) - 5 /|ug| = (2ry — 1)/ Vac

where t1 and ¢, correspond to w; and us, respectively. Hence, in
other random conditions, the duty cycles of two optimal vectors
can be directly calculated by (33).

Finally, the working time of wg, w1, and ws are (t1.ts), (tosts),
and (ts — t1 — t2).ts, respectively. Due to the fact that the rq,
ro, and rs can be directly calculated after obtaining u™f the
optimal voltage vectors and their duty cycles can be immediately
obtained by using (31) and (33), which can be achieved without
sector division work.

The whole procedure can be summarized as follows.

1) Calculate the 71, ro, r3 by using (31) and then obtain the

vector projection of u™f to all basic voltage vectors.

2) Select two voltage vectors uy, u, with the largest value
of vector projection 7y, 7y and ug as the three optimal
vectors.

3) Determine duty cycles of two optimal vectors uy, u, by
using (33): (21 — ry)/Vae and (2ry — i)/ < Vie.

4) The duty cycle of ug is ts — 1 — ty.

(33)

E. Control Block Diagram of Proposed Method

The control block diagram of proposed method is illustrated
in Fig. 6, which includes the new prediction model and the three-
vector prediction strategy.

It can be seen that the weighting factor is eliminated in the
new cost function. Moreover, according to the new cost function,
the three optimal voltage vectors and their duty cycle are easily
determined by only twice simple calculation (31) and (33). Thus,
the system control complexity is extremely reduced.

V. EXPERIMENTAL RESULTS

To verify the validity and effectiveness of the proposed
ITMPC, comparative experimental studies are carried out on
the ITMPC, the SVM-MPC using the new mathematical model
and the novel cost function proposed in this article and the
modulation method proposed in [27] and the C-MPC methods
for the HI-OW-PMSM. The parameters of the PMSM system are
given in Table II. The experimental platform is shown in Fig. 7
and the experimental results are shown in Figs. § —14.
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TABLE II
PARAMETERS OF OW-PMSM SYSTEM

System Parameters Value
Stator d-axis inductance, Ly 5.86mH
Stator g-axis inductance, L, 11.05mH
PM flux linkage, ¢ 0.1543wb
Stator resistance, R 1.35Q
Dc bus voltage, Ve 90V
Poles, N, 4
Rated power, P, 1.3KW
Rated speed, N 2500rpm
Rated current, 7, 7.07A

Moment of inertia, J 0.00109kg-m>.

Hybrid DS
dual-inverter

TMS320F28335

capacitor clrtuu

De-link power
supply

Hysteresis

OW-PMSM
dynamometer

Fig. 7. Experimental platform of the HIFOW-PMSM system.

A. Experimental Steady-State Performance

The steady-state performance of rotor speed N, stator current
I, torque T¢, and V¢4, of three methods are shown in Fig. 8(a)—
(c), respectively, when the system control period is 200 us. It can
be seen that the torque ripple for the ITMPC and SVM-MPC
are both smaller and the currents are both more sinusoidal than
C-MPC. And the steady-state performance for ITMPC is better
than SVM-MPC.

In addition, it can also be seen that the proposed ITMPC
method has a better steady-state control performance when the
system control period is 100 us as shown in Fig. 8(c). However,
limited by high algorithm complexity of C-MPC, the C-MPC
cannot work when the system control period is 100 us in this
platform. Hence, it can be concluded that the ITMPC is more
practical than the C-MPC.

The FFT analyses of current and torque ripple for three
strategies under 200 ps control period are given in Fig. 9. It can
be seen that the total harmonic distortion (THD) of stator current
has reached 35.54% and the THD of torque ripple has reached
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Fig. 8. Control static performance at 500 r/min with the load of 3N-m.
(a) ITMPC (200 us). (b) SVM-MPC (200 ps) (c) C-MPC (200 us). (d) ITMPC
(100 p5). (€) SVM-MPC (100 ps).

25.30% in C-MPC, which is because that only a single voltage
vector is applied. The THD of stator current is 9.94% and the
THD of torque ripple is 7.27% in SVM-MPC. In addition, the
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THD of stator current and torque ripple are further reduced in
ITMPC.

B. Experimental Dynamic Performance

The experimental dynamic response of torque and rotor speed
for three methods are shown in Fig. 10 with torque load changes
from O to 3 N-m and Fig. 11 with the rotor speed reference
steps from 250 to 750 r/min, respectively. It can be seen from
Fig. 10 that the dynamic process are 3.6 and 3.9 s for ITMPC and
SVM-MPC, respectively. Both are faster than that of the C-MPC
with dynamic process of 4.5 s. It can be seen from Fig. 11 that the
dynamic process are 1.7 s in [ITMPC and 1.8 s in SVM-MPC.
Both are still faster than C-MPC where the dynamic process
is 2.6 s. Besides, there is less overshoot for speed and torque
response in ITMPC and SVM-MPC than C-MPC.

It can also be seen that the capacitor voltages are all controlled
stable in dynamic process for three methods. Which means that
good dynamic performance and capacitor voltage stability can
be guaranteed at the same time for SVM-MPC and ITMPC.

C. Experimental Performance When V.,,, Reference Changes

In addition, in the HI-OW-PMSM system, the V., reference
requires to be changed when it requires a lot reactive power to
compensate power supply voltage drop.

Fig. 12(a) and (b) shows the dynamic performance when V..,
reference steps from 90 to 50 V (50 to 90 V) of both methods.
It can be seen that the charging of V., will lead to a torque
fluctuation because that a lot of active power flows into Ce,p,. In
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Fig. 10. Dynamic performance when the load changes from O to 3 N-m
of three methods. (a) Improved three-vector-based model predictive control.
(b) Space vector modulation - model predictive control. (c) Conventional model
predictive control.

this condition, by tuning the charging step nin (21), the ITMPC
can charge the V;,,, in a gentle way, which is shown in Fig. 12(c).
Therefore, it can be concluded that the ITMPC is more flexible
than C-MPC.

D. Comparative Analysis for Three Methods

Fig. 13 shows the calculation time of ITMPC, SVM-MPC,
and C-MPC method during each control period. It can be seen
that the calculation time of ITMPC is lower than SVM-MPC and
C-MPC, which indicates that the ITMPC significantly simplifies
the iterative calculation of C-MPC and SVM calculation proce-
dure of SVM-MPC and reduce the system calculation burden.

The comparison of C-MPC, SVM-MPC, and ITMPC is given
in Table III. Since both SVM-MPC and ITMPC are based on the
new mathematical model and the novel cost function proposed
in this article, so the ITMPC and SVM-MPC have similar
steady state and dynamic performance. The current harmonic
and torque ripple for the ITMPC are slightly improved compared
with SVM-MPC due to that the ITMPC avoids the sector division
and simplifies the modulation calculation procedures. Thus, the
calculation time of ITMPC is also shorter than SVM-MPC.



SUN et al.: IMPROVED MPC WITH NEW COST FUNCTION FOR HI OPEN-WINDING PMSM SYSTEM BASED ON ENERGY STORAGE MODEL

10713

TABLE III
COMPARISON OF ITMPC, C-MPC, AND SVM-MPC

C-MPC SVM-MPC ITMPC
THD of stator current 35.54% 9.94% 7.17%
THD of torque ripples 25.30% 7.27% 5.58%
Dynamic Performance with 455 30g 3 65
load changes
Dynamic Performance with 2 65 1.8s 175
speed changes
Calculation time 165us 50us 41us
Switching frequency 1.8kHz 9.6kHz 9.7kHz
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Fig. 11. Dynamic performance when the rotor speed reference steps from 250
to 500 r/min of three methods. (a) Improved three-vector-based MPC. (b) Space
vector modulation model predictive control. (c) Conventional model predictive
control.

Meanwhile, the average switching frequency for three methods
with the same sampling period is provided. It can be seen that the
switching frequency of SVM-MPC and ITMPC are both higher
than C-MPC due to that multivectors are applied in each control
period.

In order to validate that the proposed SVM-MPC and ITMPC
has better control performance than C-MPC under the same
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Fig. 12.  Dynamic performance when V.., reference steps from 90 V(50 V)
to 50 V(90 V). (a) ITMPC (n = 1). (b) Conventional model predictive control.
(c) ITMPC(n = 3).

switching frequency. The sampling frequencies of SVM-MPC
and ITMPC are reset as 0.94 and 0.92 kHz. Thus, the switch-
ing frequencies for SVM-MPC and ITMPC are both 1.8 kHz,
which is the same as that of C-MPC shown in Fig. 8(c). The
experimental results are presented in Fig. 14.

It can be seen that due to the reduction of sampling frequency,
the performances of both SVM-MPC and ITMPC are all deterio-
rated. However, they are still better than that of C-MPC as shown
in Fig. 8(c). Thus, it can be concluded that the proposed ITMPC
and SVM-MPC have better performance than the C-MPC in
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based model predictive control. (b) Space vector modulation model predictive
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either the same sampling frequency or the same switching
frequency.

VI. CONCLUSION

An improved three-vector MPC for the HI-OW-PMSM sys-
tem has been proposed in this article. First, a new prediction

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 9, SEPTEMBER 2021

model of dc-link capacitor voltage based on energy storage
model has been proposed and thus a novel cost function without
weighting factors is obtained. Moreover, a three-vector selection
strategy without sector division has been carried out so immedi-
ate determination of the three optimal voltage vectors and their
duty cycles have been achieved. Accordingly, the control per-
formance has been improved and the system calculation burden
has been reduced compared with the C-MPC and SVM-MPC
for the HI-OW-PMSM system. Finally, the experimental results
have validated the effectiveness and superiority of the proposed
method. In addition, the proposed ITMPC has simplified the
control procedure and the calculation time of ITMPC is lower
than that of C-MPC and SVM-MPC.
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