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Model Predictive Flux Control With Cost
Function-Based Field Weakening Strategy for
Permanent Magnet Synchronous Motor

Zhihao Zheng

Abstract—This paper proposes a model predictive flux control
(MPFC) strategy with cost function-based field weakening (FW)
strategy for permanent magnet synchronous motor (PMSM). The
stator flux vector is used as the control variable and the cost function
of the proposed MPFC is configured in the form of flux increment,
which can reflect the saturation degree of the inverter output. A
novel space flux vector plane is introduced to explain the principle
of optimal switching state selection in the proposed MPFC. The
voltage and current limitations of the inverter in the high-speed
region are analyzed in the flux plane to reveal the objective of FW
compensation. The value of the cost function is controlled with
a proportional integral controller in the proposed cost function-
based FW strategy. Moreover, the reference flux vector is compen-
sated with the output of the FW controller to enlarge the operation
region of the stator flux vector. With the proposed FW strategy, the
operation range of the PMSM is extended and the torque output
in high-speed range is increased. Experimental studies are carried
out to verify the validity and effectiveness of the proposed strategy.

Index Terms—Field weakening (FW) control, model predic-
tive flux control (MPFC), permanent magnet synchronous motor
(PMSM).

NOMENCLATURE
ref Reference value.
uq, Uy  d—g components of stator voltage.
14, Ig d—q components of stator current.
Ya, g d—g components of stator flux linkage.
Lq, Ly d—g components of stator inductance.
R, Stator winding resistance.
We Rotor electrical angular speed.
Uy Permanent magnet flux linkage.
T. Electromagnetic torque.
Ny Number of pole pairs.
T Sampling period.
0, Rotor angle.
p Differential operator.
Ve DC-link voltage.
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1. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) have
P attractive advantages including high efficiency, excellent
control performance, and high power density [1]. In order to
realize high-performance control of PMSM, more demands are
required for the modern control strategies, including fast dy-
namic response, adaptive for multiple control constraints and
wide operation range.

Field-oriented control (FOC) and direct torque control (DTC)
are two classical control strategies applied in industrial applica-
tions [2]-[5]. In FOC, proportional integral (PI) controllers are
used to control the decomposed stator currents in synchronous
rotatory frame [2], [3]. The space vector modulation is used
to generate the pulses with constant switching frequency. The
torque and flux in FOC can be controlled precisely but the pa-
rameters of the controllers require fine tuning work. In DTC, two
hysteresis comparators are used to select the voltage vector with
a predefined switching table [4], [5]. The DTC has fast dynamic
response and good robustness against parameter changes, but
it also features drawbacks of high torque ripples and variable
switching frequency.

Model predictive control (MPC) is also considered as an ef-
fective control strategy with fast dynamic response and manage-
able constraints [6]-[16]. The development of microprocessors
with powerful computational ability makes it possible for the
implementation of MPC in electrical drives. In MPC, the dis-
cretized mathematical model of PMSM is established to predict
the current, flux, or torque behaviors in the future control periods.
A cost function that contains the errors of the control variables
is used to select the optimal output of the controller. Different
control objectives can be easily incorporated in the constraints
of the cost function [7], [13]-[16].

Model predictive torque control (MPTC) is a typical torque
control strategy implemented with MPC [7]-[9]. In MPTC, the
torque and stator flux are simultaneously evaluated in the cost
function to realize optimal control of both torque and stator flux.
However, the control variables contained in the cost function of
MPTC have different units and magnitudes. The weighting fac-
tors of different constraints need to be well tuned, otherwise,
the performance of the PMSM system will deteriorate. Model
predictive flux control (MPFC) is an alternative MPC strategy
to avoid the tuning work of the weighting factors in MPTC
[10]-[12]. The reference torque and amplitude of the stator flux

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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are converted into an equivalent reference flux vector. There-
fore, the constraints in the cost function have same units and
magnitudes and the weighting factors are eliminated. In the pre-
vious research works of MPFC, the optimization of switching
instant [11] and simplified voltage selection [12] are studied.
However, the limitation and operation trajectory of the stator flux
vector in different operation range has not been analyzed thor-
oughly. Especially in the high-speed range, the operation range
of the PMSM system is restricted by the voltage and current
limitations of the inverter. In this case, field weakening (FW)
strategy is required to compensate the stator flux vector and
improve the performance of the PMSM system in high-speed
range.

Incorporation of FW strategy into MPC strategies is an es-
sential concern for PMSM operating at high speed. To realize
FW operation in MPTC strategies, the reference torque and flux
magnitude are simply set to be proportional to the inverse of
the rotor speed in [13]. Despite the simplicity of this method,
it only considers the voltage limitation but the variation of sta-
tor current is neglected. For current-based MPC algorithms, the
voltage control loop is used to compensate the reference cur-
rent for high-speed operation [14]. This FW algorithm is robust
against motor parameters variation but the effectiveness is eas-
ily disturbed by the variation of the dc-link voltage. The work
in [15] adds incremental voltage as another constraint of the
cost function to suppress the influence of undesired disturbance
from dc-link voltage, but the new cost function is more com-
plicated and the tuning work of weighting factor is required.
In [16], the torque and stator flux references are adjusted on-
line to improve the torque capability during FW operation, but
the restrictions of the switching losses and neutral point volt-
age error also introduce more weighting factors in the cost
function.

In this paper, an MPFC with simple cost function-based FW
strategy is proposed to expand the operation range of the PMSM
system without introducing additional FW constraints in the
cost function. The flux increment is used as the control vari-
able in the cost function of the proposed MPFC, which re-
flects the saturation degree of the inverter. The value of the
cost function is controlled in an acceptable range to keep the
PMSM system operating within the voltage and current limits
in the FW region. The limitation and operation trajectory of
the stator flux vector are analyzed to support the proposed FW
strategy.

The rest of this paper is organized as follows: The math-
ematical models of PMSM and the discrete-time model are
introduced in Section II. The principle of the proposed MPFC
strategy is analyzed in Section III. The principle of the proposed
cost function-based FW strategy in MPFC is introduced in
Section IV. Experimental results are given in Section V to
validate the effectiveness of the proposed control strategy. The
conclusion is presented in the last section.

II. MATHEMATICAL MODEL OF PMSM

The dynamic models of PMSM in the d—¢ synchronous rota-
tory frame can be described as following equations:
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The stator voltage of PMSM can be obtained as follows:

Uq P —We )
Uq We p wq .

The stator flux linkage of PMSM can be obtained as follows:

R, ||+ (1)

q

Lg O {
{wd} =1 el @)
wq 0 Lq lq 0
The electromagnetic torque can be obtained as follows:
3 . 3 _ )
T, = 5”1)"/)5 ®1s = 5%(%@(1 — Pgia) (3)

where 1), is the stator flux vector and %5 is the stator current
vector.

In digital processing implementation, the dynamic mathemat-
ical model can be discretized to predict the states of variables
in the future. The discrete-time model can be obtained by the
Euler method without introducing additional unwanted nonlin-
ear terms [17]. According to (1), the stator flux linkage in k+1
instant can be predicted as follows:

Ya (k+1) N 1 weTs | | Ya (k)
g (k + 1) —weTs 1 g (k)
R.T, jd EZ; +T, Zd (Z)l @

III. PRINCIPLE OF THE PROPOSED MPFC
A. Reference Stator Flux Vector

The electromagnetic torque equation in (3) shows that 7% is
decided by the stator flux vector v, and the current vector .
The relationship between 7¢ and 1), can be established accord-
ing to a certain current control method. Maximum torque per
ampere control and ¢4 = 0 control methods are two well-known
current control methods [18], [19]. In this paper, the i3 = 0 con-
trol method is applied in the proposed MPFC strategy due to
its concise form to reveal the control principle. The reference
stator flux vector in the proposed MPFC can be converted from
the reference torque according to the 74 = 0 control method.

Based on the 7; = 0 control method, the electromagnetic
torque in (3) can be expressed as follows:

3 .
T. = 5%%%- (5)
When the reference torque 77°*f is given, the d—¢ components

of the reference stator flux vector wgd can be obtained as fol-

lows:
Uit =y
it = 2L T /3n,1. (6)

It can be seen from (6) that the control of torque can be realized
by tracking the reference stator flux vector ¢p"°f

s
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B. Prediction Model of Stator Flux

The prediction model of ¥, (k + 1) in (4) contains different
kinds of variables, including stator flux, voltage, and current. In
order to simplify the explanation of the proposed MPFC strat-
egy, the prediction model of stator flux is reconfigured with flux
variables.

The prediction model of ¥, (k + 1) in (4) can be rewritten as
follows:

where 1 (k) is the initial flux linkage and A, (k) is the flux
increment.

The initial flux linkage v (k) represents the state of flux
linkage in k instant, which can be estimated with the observers.
The initial flux linkage 1 (k) is defined as follows:

ia (k)
iy (k)

Yoa (k) _ g (k)
'(/)Oq (k)
(®)

g (K)

The flux increment Aqp, (k) represents the flux increment
produced by the inverter in k instant. Assuming that the stator
voltage applied in the entire sampling period 7%, the flux incre-
ment A (k) can be obtained as follows:

1 weTs

— R,T,
—wel 1

where u (k) is the stator voltage vector in k instant.

In the signal processing implementation, the controller works
one sampling period after the observer and the voltage applied to
the stator winding takes effect on the stator flux after one more
control period [20]. Considering the one-step delay effect during
the sampling and control process, the stator flux in k42 instant
is predicted and the prediction model in (7) should be rewritten
as follows:

C. Evaluation of Cost Function

The cost function in MPFC is usually defined as the tracking
error of the stator flux [12], which can be expressed as follows:
N 2 . 2

C = |va" = a(k+2)| + 1" — g (k+2)|

= b, — e, (k+2)|". (1

Substituting (10) into (11), the cost function C can be written
as follows:

C = | —apg (k) — A, (k+1)] 2.

The reference flux increment A" is defined as the differ-
ence between ¢§ef and v (k), which represents the flux incre-
ment required for the initial flux linkage to follow the reference
stator flux vector. The reference flux increment A¢p™f can be

S
written as follows:

Arp " = ap T — (k).

12)

(13)
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Fig. 1. Basic flux vectors in the space flux plane.

Substituting (13) into (12), the cost function C can be written
as follows:

C=|Ap — Ay, (k+ 1) (14)

In order to minimize the tracking error of the stator flux vector,
the flux increment A (k + 1) applied in k41 instant should
be selected to minimize the cost function. The value of the cost
function in (14) also reflects the output ability of the inverter.
When the maximum output of the inverter cannot satisfy the
requirement of the reference flux increment, the value of the
cost function in (14) becomes large, so as the tracking error of
the stator flux vector.

D. Optimal Selection of Flux Increment

The switching states of the three-phase voltage source inverter
can be denoted as binary variables S,, Sy, and S.. The switching
state of each phase equals to “1” when the upper switch is ON
and the bottom switch is OFF and “0” for the reverse ON—OFF
state. There are eight switching states of the three-phase inverter,
denoted as .S,, (000, 100, 110,010,011, 001, 101, and 111). The
flux increment A1), can be calculated according to the switching
states as follows:

Sa
A
Vsa| Y| o _ 2y 1 oA, (15)
At)gq Ug 3 <

where

cosp  cos(f, —2F)  cos(f, + 2F)

M:
[—Sinﬁr —sin(f, — %) —sin(6, + )

A novel space flux vector plane is established to describe
the relationship between the switching state S,, and the flux
increment A),. Each switching state S,, corresponds to a basic
flux vector A, (n =0, 1...7). The basic flux vector A,
represents the flux increment produced by the inverter when the
corresponding switching state operates in an entire sampling
period 7. The basic flux vectors in the space flux vector plane
in the a—f stationary frame are shown in Fig. 1.
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The principle of optimal flux increment selection can be ex-
plained in the space flux vector plane. With the given refer-
ence flux increment Awgd, the value of cost function can be
evaluated by substituting Atp,, into (14). As shown in Fig. 1,
C, (n =0, 1...7) represents the distance between A" and
A, and reflects the value of the cost function. In Fig. 1, Ats
(010) is the closest basic flux vector to Ad)?f and the optimal
flux vector that minimizes the cost function. Therefore, Cs is the
optimal value of cost function Cyp,, and S3 (010) is selected as
the optimal switching state that operates in k+1 instant. With the
space flux vector plane, the selection of optimal switching state
and the value of cost function are more intuitive to understand.

The maximum available flux increment produced by the in-
verter can be described with a flux increment limit hexagon
that connects the terminal vertex of the basic flux vectors
A, (n=1,2...6), as shown in Fig. 1. When the reference
flux increment A¢p™°f locates within the flux increment limit
hexagon, the maximum tracking error of the stator flux vector
can be calculated as follows:

2 2
Copt = |AY," — Ay, (k+ 1)|2 < A, |? = ‘3Vdc T,

(16)

Although the tracking error of the stator flux vector in the

proposed MPFC strategy cannot be eliminated, it is essential to

maintain the tracking error in an acceptable range. Otherwise,

the tracking error of the stator flux is large and the steady-state
performance of the PMSM system will deteriorate.

IV. CosT FUNCTION-BASED FIELD WEAKENING STRATEGY

When the PMSM operates in the FW region, the output of
the inverter is restricted by the voltage and current limitations
and the operation range is limited. In this section, the voltage
and current limitations of the inverter are transformed as the
limitation of the stator flux vector. The operation trajectory of the
stator flux is analyzed in 14—, plane to explain the FW control
objective. In order to realize FW operation, a novel cost function-
based FW strategy is proposed. The value of cost function is
controlled with a PI controller and the output of the controller
is used to compensate the reference stator flux vector in the FW
region. The operation region of the stator flux vector is extended
with the proposed FW strategy.

A. Voltage and Current Limitations

The operation of PMSM in the high-speed range is limited by
the capacity of the inverter. The main restrictions of the inverter
are voltage and current limits. The restriction functions of stator
voltage and current are given as follows:

u?i + ug < U?

max

a7

ig+in < ooy (18)
where Uy ax 1 the voltage limit and 7, is the current limit.
In the steady state, by neglecting the voltage drop on the sta-

tor winding resistance, the stator voltage function in (1) can be
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Voltage limit

WA<WB<Wc

Teml<Temz<Tem3

Teml
7/
Y - Current limit
0 C 01wy, ) Va
Fig. 2. Inverter limits and operation trajectory of stator flux vector in the

Yqa—1q plane.

rewritten as follows:

B i

Substituting (19) into (17), the voltage restriction function can
be written with the flux variables as follows:

Umax 2
Bd+ g < () .
w

19)

(20)
Substituting (2) into (18), the current restriction function can
be written with the flux variables as follows:

Ya—vr\° ()’ )
() + (3) =t

According to the voltage and current restriction functions in
(20) and (21), the voltage and current limit curves can be drawn
in the 14—, plane. Hence, the voltage and current limitations
of the inverter are transformed as the limitation of the stator flux
vector. It can be seen in Fig. 2 that the voltage limit curve is a
circle with the center on O(0, 0) and radius of Uppyax/w.. The
radius of the voltage limit circle decreases as the rotor speed
increases. The current limit curve is an ellipse with the center on
O1 (%5, 0). The constant electromagnetic torque curves (Tep,1,
Temo, and Ty,,3) are also shown in Fig. 2. When the PMSM
operates with ¢4 = 0 control method, the operation trajectory
of the stator flux vector moves along AO; with different load
conditions.

In the low speed range, the stator flux operates on the trajec-
tory of i3 = 0 control method (i.e., AO;). As the rotor speed
increases, the radius of the voltage limit circle decreases contin-
uously. When the voltage limit circle intersects the current limit
ellipse and AO; at point A, the PMSM enters the high-speed
region.

If the PMSM operates without FW strategy, the operation
trajectory of the stator flux goes from point A to point O with the
increased speed. The maximum torque output deceases rapidly
as the speed increases. The maximum speed will be wp when
the voltage limit circle intersects AO; at point O1.

When the PMSM operates at high speed, the operation tra-
jectory of the stator flux should be extended to the FW region,

@
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Fig. 3. Diagram of the flux vectors in the FW region.
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Fig. 4. Diagram of the cost function-based FW control module.

which has the voltage and current limits as its boundary. When
the operation point exceeds the boundary of the FW region, the
reference flux vector should be compensated with FW strategy
to keep the stator flux vector within the limitation. In the FW
region, the maximum speed will be extended to we when the
voltage limit circle intersects the current limit ellipse at point C.

Fig. 2 presents the flux compensation objective in the high-
speed range. By modifying the reference flux vector to FW
region, the operation trajectory of the stator flux vector is
maintained within the inverter limits and therefore, the inverter
is capable to produce the reference flux increment.

B. Cost Function-Based FW Strategy

In order to compensate the reference flux vector in the FW
region, a cost function-based FW strategy is proposed. In the
FW region, when the reference flux vector 1" locates outside
the voltage limit circle, the inverter is unable to produce the
required flux increment to track on the reference value. In this
case, the terminal vertex of the reference flux increment Aq,bff
goes beyond the flux increment limit hexagon. The schematic
diagram of the flux vectors in FW region is shown in Fig. 3.

In order to reduce the amplitude of A'l,b;ef, the reference flux
vector ¢gef needs to be compensated in the FW region. When
the optimal value of the cost function Cy is larger than the ref-
erence value C,., the reference flux vector 1/)’;ef is compensated
with the output of the FW PI controller Avpy. In this way, the
reference flux vector ngef is kept within the voltage and current
limits to realize FW operation.

The block diagram of the cost function-based FW control

module is shown in Fig. 4. The inputs of the PI controller are the
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optimal value of the cost function C,,; and the reference value of
the cost function Cef. Ciet 1S set as the maximum tracking error
in the constant torque region to ensure that the output of the PI
controller is zero when Ap™! locates within the flux increment
hexagon. The optimal value of cost function C,p is controlled
to follow the reference value of cost function C,f and meets the
following equation:

2

2 2
Copt = |A¢Sref - A"/)s (k + 1)‘ < Cref = ’?)Vdc T

(22)

The output of the PI controller Aypyw is used to compen-
sate the reference stator flux vector ¢gef and keep the operation
trajectory of the stator flux vector within the voltage and cur-
rent limits. The reference stator flux vector ™' in (6) can be

compensated with the FW component A¢pyw as follows:

Pt = + Agpw

ref 2
ref 2 d wf
% < Lq : \/Imax - ( Ld ) .

In (23), ¢ is compensated with Avpyw and ¢ is lim-
ited according to (21) to maintain the reference flux vector
™" within the current limit. Aty is limited in the range of
(—Avdmax, 0], where Athgmax is the maximum compensated
d-axis flux. The value of Ay is the length of CO; in Fig. 2

and it can be calculated according to (21) as follows:
Ad)dmax - Ld : Imax-

When the reference stator flux vector is kept within the voltage
and current limits, the inverter is able to produce the required flux
increment during the control period. Therefore, the proposed
cost function-based FW strategy can realize FW operation of
the PMSM system at high speed. It can be seen from (16) and
(22) that the maximum tracking errors of the flux increment are
controlled within a finite error and therefore the stability of the
proposed method is guaranteed in both constant torque and FW
region [21].

(23)

(24)

C. Control Block Diagram

The control block diagram of the proposed MPFC with cost
function-based FW strategy for PMSM systemis showninFig. 5.
The stator current 4. and rotor angle 6, are obtained with the
current sampling module and rotor position observer. The d—g
components of the reference flux vector ¥°f and w;ef are cal-
culated according to ¢y = 0 control method with the reference
torque 77°f. The initial flux vector 1 is estimated with the rotor
electrical angular speed w,, rotor angle 6,, and the stator cur-
rent ¢4p.. The reference flux increment AUJZCf is calculated with
the reference flux vector 1/;28f and initial flux . By substitut-
ing Aq/)ff and different basic flux vectors Atp,, into the cost
function, the optimal value of cost function C,p; is gained.

The cost function-based FW strategy is realized with a FW
PI controller. The optimal and reference value of the cost
function, Cop¢ and Cief, are inputs of the FW PI controller.
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opt -
) |‘|
Cost Al[/n Pulse Sabe =
Function Generation| 7 ﬁ
Equ.(14)
Equ.(23) + 1
. 0d k
Tabe abe idq Initial Flux 14 ( )
—— q »| Estimation WOq(k)
a Equ.(8)
A
0, T .

Fig. 5. Control block diagram of the proposed MPFC with cost function-based FW strategy.
TABLE I
PARAMETERS OF THE PMSM SYSTEM
Symbol System Parameters Value
DSP R, Stator resistance 135Q
TMS320F28335 Lqg Direct inductance 5.86 mH
Ly Quadrature inductance 11.05 mH
L A 3. Encoder signal
, Sampling - processing Vie DC-link voltage 90V
y module @ )
/ z np Number of pole-pairs 4
vy Permanent magnet flux linkage 0.1547 Wb
D . .
):;lzz';::er Ts Sampling period. 0.0001 s
Uax Maximum stator voltage 52V
Lax Maximum stator current 7.07 A
~ DC source Hysteresis
SHl._STh dpnamometer
Fig. 6. Experimental equipment of the PMSM system. A 20ms/div
N(250rpm/div)
The output of the FW PI controller Atpyy is used to compen-
sate the d-axis component of the reference flux vector 1/)3Ef and T
the g-axis component of the reference flux vector wgef is lim- 193 T.(3.65Nm/div) r
ited according to the current limit function. Finally, the pulse 29 | . .
) g fo the | Y, fae p . (0.086 Wb/div)
signals for the switching states S, are generated to drive the BN A e il Sttt I
three-phase inverter.
~ o A fal 7\ N Fay
3/49 3 \ .

V. EXPERIMENTAL STUDIES

The effectiveness of the proposed MPFC with cost function-
based FW strategy is verified with experimental studies. The
steady-state performances of the MPFC strategy at both low and
high speeds are investigated. The comparison of the MPFC with
and without FW strategy is given to verify the enhancement of
the proposed FW strategy in the high-speed region. For safety
concern, the dc-link voltage is decreased to 90 V to limit the
maximum speed of the PMSM.

The experimental equipment is shown in Fig. 6. The inverter
is built with SEMIKRON SKM75GB12T4 IGBTs and driven by

VARVARY/
i, (7.07A/div)

Fig. 7. Steady-state performance of the PMSM with maximum achievable
torque output at 500 r/min.

SEMIKRON SKHI61. The experimental studies are carried out
based on TI DSP TMS320F28335 controller board. Parameters
of the PMSM system are listed in Table I. The experimental
results are shown in Figs. 7-12.
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 20ms/div| 20ms/div
N(500rpny/div) N(500rpny/div)
19 . L "
T. (1.46Nm/div) T.(1.46Nmv/div)
29
v+(0.086Wb/div) . (0.086Wb/div)
349 A ) “ ,,,,,, \ A A ’, ........ I
2 (3.535A/div) i, (7.07A/div)
(@ (b)

Fig. 8.

Steady-state performance of the PMSM with maximum achievable

torque output at 1000 r/min. (a) Without FW strategy. (b) With FW strategy.

Lo

1.25s |« T
_______ / N(500rpm/div)

1

“\\E(j.esmmdiv)

0.78s < »
N(500rpm/div)
1 g
Cop (0.05Wb/div) |

e

\ Copt (0.05WH%div)

\,\Z}(S.GSNm/div)

e Yt

3 rememm——

—

- S N PO S S S
0.086Wb/div L
4 | 300ms/div e ) sooms/diy Ve (0-086WD/div)
(a) (b)
Fig. 9. Dynamic response when the reference speed changes from 500 to

1250 r/min without load. (a) Without FW strategy. (b) With FW strategy.

Hhirs
500ms/div

o e

500ms/div
: l//dref Y4 : l//dref YWa
., U S SN S|
(0.086Wb/div) (0.086Wb/div)
1293 ref | ef
Yq Wy : l,lfqlei Yy
349 \\ \—w‘_
(0.086Wb/div) (0.086Wb/div)
(@) (®)
Fig. 10.  Stator flux response when the reference speed changes from 500 to

1250 r/min without load. (a) Without FW strategy. (b) With FW strategy.

N
i

NY
N

129}
b L
T.(0.87Nm/div) \\ T(0.87Nm/div)
VY Mo
e DRIV
3 (Mo
500ms/div 500ms/div
(@ ®)

Fig. 11. Comparison of operation range and torque output of the proposed

MPEFC. (a) Without FW strategy. (b) With FW strategy.
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0.5Lgand 0.5L,
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2Lgand 2L,

| &
|

Lyand Ly

i 20ms/div
N(500rpm/div)

19+ T.(1.46Nm/div) : '
2 4. (0.086Wb/div)

A Ay A A A AV A VAVAVAVAYAVAV L AVAVAVAY,

[ \/ \
v \V \/
VVVV VAWV VYV VYV YVIIVVV VUV

i, (3.535A/div)

(a)
Lgand Lq 0.5Lgand 0.5Lq

| »| |«
I~ e}

2L4and 2L,

> < >
»| <€ »>|

_ _Z_Qi_n s/div i

- - .

N(500rpm/div)
19: T,(1.46Nm/div) :

. (0.086Wb/div)

| a(3.s3sa/dv) ||

(®)

Fig. 12.  Steady-state performance of the proposed strategy with different set-
tings of Ly and L (a) at 500 r/min (b) at 1000 r/min.

A. Steady-State Performance

Fig. 7 shows the steady-state performance of the proposed
MPEC strategy in constant torque region at 500 r/min with max-
imum torque output. The waveforms in Fig. 7 are speed N, elec-
tromagnetic torque T,, amplitude of stator flux ¢, and stator
current of phase A, from top to bottom. It can be seen that
the PMSM operates in stable condition with low torque and flux
ripples. The stator current is sinusoidal with less harmonic com-
ponents. The maximum torque output of the proposed strategy
at 500 r/min is 6.25 N-m and the amplitude of the stator flux is
0.172 Wb.

Fig. 8 shows the steady-state performance of the proposed
method in FW region at 1000 r/min with maximum torque out-
put. The experimental results with and without the proposed

FW strategy is compared in Fig. 8(a) and (b) when the PMSM
operates with maximum achievable torque output at 1000 r/min.
The waveforms in Fig. 8 are speed N, electromagnetic torque 7+,
amplitude of stator flux 5, and stator current of phase A ¢,, from
top to bottom.

The maximum achievable electromagnetic torque output in
Fig. 8(a) is 0.82 N-m and it is increased to 3.35 N-m with the
proposed FW strategy in Fig. 8(b). With the given PMSM pa-
rameters in this paper, the theoretical optimal toque output at
1000 r/min is calculated as 3.80 N-m [22], and the experimen-
tal result is 88.8% of the theoretical value. The stator current
in Fig. 8(b) is more sinusoidal with less harmonic components
than that in Fig. 8(a). It can be seen from Fig. 8 that the proposed
FW strategy has enhanced the steady-state performance and the
maximum torque output of the PMSM in the FW region.
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B. Dynamic Performance

The dynamic performances of the proposed MPFC with and
without FW strategy are compared in Fig. 9 with the opera-
tion condition that the reference speed changes from 500 to
1250 r/min without load. The waveforms in Fig. 9 are speed N,
the optimal value of cost function C,, electromagnetic torque
T., and amplitude of stator flux s from top to bottom. It can
be seen from Fig. 9(a) that when the PMSM system enters the
FW region, the optimal value of cost function C,,¢ increases
rapidly and the output of the inverter reaches the limits. The
maximum speed in Fig. 9(a) is 1025 r/min, which is lower than
the reference value. With the proposed FW strategy, it can be
seen from Fig. 9(b) that the optimal value of cost function C
is controlled to be small and the actual speed reaches the ref-
erence value. The amplitude of the stator flux decreases in the
FW region, which shows the effectiveness of the FW strategy.
The torque output in the FW region is also enhanced with the
proposed FW strategy. It takes 1.25 s for the PMSM system
without FW strategy to reach 1000 rpm in Fig. 9(a) and only
0.78 second for the PMSM system with FW strategy. It can be
seen from Fig. 9 that the proposed FW strategy can realize FW
operation of the PMSM system by controlling the value of the
cost function. The dynamic response and output performance of
the PMSM system are enhanced with the proposed FW strategy.

The stator flux responses of the PMSM system with and
without FW strategy are analyzed to validate the effectiveness
of the proposed FW strategy. The operation conditions are the
same as that in Fig. 9. The reference value and observed value
of the d—g components of the stator flux are shown in Fig. 10.
It can be seen from Fig. 10(a) that when the PMSM operates
without FW strategy, ¢"s" and 'c,bfff are constant in the FW
region. However, 7,bq is not able to follow the reference value

wflef, which has significant influence on the torque output of the
PMSM system. By applying the proposed FW strategy, 1, and
1, are able to follow 1/Jfff and zpfff, which are compensated in
the FW region, as shown in Fig. 10(b).

C. Operation Range

The operation range and torque output of the PMSM system
with and without FW strategy are compared in Fig. 11 with
the reference speed changes from 500 to 1750 r/min without
load. It can be seen from Fig. 11(a) that the maximum speed
of the proposed MPFC without FW strategy is 1025 r/min. In
Fig. 11(b), the maximum speed is extended to 1500 r/min with
the proposed FW strategy. The operation range of the PMSM
system with the FW strategy is 146% of that without the FW
strategy. It can be seen from Fig. 11 that the torque output in the
FW region is also enhanced with the proposed FW strategy.

D. Parameter Sensitivity

In order to analyze the parameter sensitivity of the proposed
method, the control performances of the proposed method are
compared when the PMSM parameters are set in different value.
InFig. 12, the steady-state performances of the proposed method
with 2 N-m load in constant torque region (500 r/min) and FW
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region (1000 r/min) are given with different settings of L, and
L, for comparison.

In Fig. 12(a) and (b), the values of Ly and L, are set as the
actual value (L4 and L), half of the actual value (0.5L4 and
0.5L,), and twice of the actual value (2L4 and 2L,). It can be
seen from the experimental results that the control performances
are nearly the same in Fig. 12(a) or (b), which indicates that the
robustness of the proposed control strategy against parameter
variation is pretty good in both constant torque region and FW
region.

VI. CONCLUSION

In this paper, a modified MPFC with cost function-based FW
strategy was proposed. The main contributions of this paper can
be concluded as follows.

1) The prediction model and cost function of MPFC have
been reconfigured using the flux increment as the control
variable. A novel space flux vector plane has been pro-
posed to explain the principle of the proposed MPFC.

2) The voltage and current limitations have been transformed
as the limitation of the stator flux vector. The operation
trajectories of the stator flux vector in both constant torque
and FW regions have been analyzed to reveal the control
objectives in different operation regions.

3) A cost function-based FW strategy has been proposed to
expand the operation range of the PMSM system. The
value of the cost function has been used as the FW control
variable without increasing additional FW control con-
straints in the cost function.
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