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Abstract—The field-weakening scheme is generally adopted
for traction motors to achieve a wider speed range where the
common proportional and integration (Pl) compensator is needed
to regulate the flux-producing current. However, the regulator
performance deteriorates due to the dc-link voltage disturbances
and motor parameter nonlinearities in the different speed regions.
To solve this issue, a model predictive control (MPC) based
field-weakening algorithm is proposed for a traction Electric
Vehicle (EV) using a low-voltage induction motor (IM). The
augmented prediction state relationship between stator voltage
and flux-producing current is established for motor current
control. The steady-state error can be eliminated with an
integrator embedded within the augmented equation. The overall
closed-loop control is presented where the system eigenvalues are
adjusted in real time for various speed regions, and accordingly
the controller performance can be evaluated with the amplitude of
the eigenvalues. Moreover, the weight coefficient in the cost
function can be adjusted corresponding to speed variation for
guaranteed motor control performance. The simulation and
experimental results are provided to verify the proposed MPC
based field-weakening algorithm.

Index Terms—Field-weakening control, model predictive
control (MPC), indirect field oriented control (IFOC), induction
machine, electric vehicle.

. INTRODUCTION

ITH the growing interest in EVs and HEVs in the recent

decades, significant effort is devoted for the
development of efficient, reliable, and economical ac drives for
such applications [1]. The traction drive system is required to
work in a harsh and confined environment where the lasting full
load conditions are possible [2], [3].

Both induction motors (IMs) and permanent magnet
synchronous motors (PMSMs) are candidates for EV/HEVS [4],
[5], where the motors need to operate over a wide speed range.
The constant torque capability below the base speed and
constant power capability over the base speed are two critical
requirements for such applications where several times of the
base speed might be required for eliminating the gear shifting in
these vehicles [6], [7].

Electric forklift is a typical traction vehicle where two types
of motors are used: one is for lifting pump, and the other is for
traction drive. The low voltage induction machine is typically
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selected as the traction motor considering its advantages of cost,
reliability, ruggedness and low maintenance compared with the
PMSM [4], [8]. Since the pump motor control is easier
compared with the traction one, this paper studies the latter one
and investigates its control strategy in the field-weakening
region which is typically 2 to 3 times of the base speed [9].
Electric forklift is a little different from the general EV. The
maximum speed and accelerated speed should be limited at
same time. The forklift should be still controlled when the
accelerator pedal is released. The forklift speed is expected to
follows the signal of accelerator pedal. Usually, the speed loop
control is adopted in electric forklift.

One of the concerns for this region is the DC-link voltage
fluctuations which may disrupt the control system [10], [11].
Typical electric forklifts utilize batteries as the supply, and the
flux-producing current is inversely proportional to the rated one
when the motor has to operate beyond the rated speed. This
method is simple but is not suitable for EV with large DC-link
voltage variation. Another solution is that the current reference
is calculated based on IM parameters or updated with lookup
tables, which relies on a good knowledge of motor parameters
and the actual DC-link voltage values [12], [13]. However,
these parameters are usually not constant due to the variation of
temperature and magnetic hysteresis which makes such method
inaccurate.

Others solve the motor parameter variation issue by adding
extra voltage loop based on the PI regulator, with the output
setting as the flux-producing current reference [14], [15].
However, when the required voltage value is larger than the
available one, the speed tracking cannot be maintained due to
insufficient DC-link voltage which limits the flux-producing
current. However, the flux component is expected to be as large
as possible such that a higher electromagnetic torque can be
achieved [16]-[19]. However, possible issues with these types
of methods are that only the g-axis voltage is considered and
d-axis voltage is generally neglected in the PI regulator analysis.
But the feedback of PI regulator is indeed a complex voltage
composed of both d- and g-axis voltage components. Such
simplification could lead to undesired flux-producing current
oscillations. Meanwhile, the open-loop gain changes as the
motor speed varies considering the angular speed involvement
of the voltage equation. The parameter tuning further worsens
the system performance and can cause stability issues [13]. The
two aspects make it difficult to tune the voltage-loop PI
parameters, and practically, this usually needs to be
implemented based on a trial and error method [7].

There are three objectives for the field-weakening control of
the traction IM. First, static errors should be eliminated when
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the condition changes due to motor parameter variation, the
DC-link voltage level, the motor speed, etc. [6], [20]. Second,
in the process of acceleration or deceleration, the
flux-producing current needs to response promptly to ensure
speed tracking ability. For traction EV, the changing rate of the
speed reference is not as high as in other applications. The
torque-producing current is tracked well and the calculated
voltage from current regulators is almost equal to the required
voltage. The tracking controller must have good response to
speed changes [21]. Third, at the acceleration/deceleration
transient stage, the calculated voltage reference tends to suffer
severe oscillations caused by the drastic changing rate of g-axis
current. In the transient process, the amplitude of the complex
voltage is bigger than the required one, which distorts the
flux-producing current reference. Therefore, the regulator is
expected to be less sensitive to the variation of feedback
voltage. Neither the second nor the third requirement be
satisfied at the same time. The balance between them is the key
during the parameter tuning process.

Model predictive control is an optimal control technology
which is regarded as one of the most effective control strategies
in process industries [22], [23]. In the last few years, MPC
techniques are getting significant attention for the power
electronics and electric drives applications [24]-[26].
Compared with the traditional P1 control method, MPC utilizes
the future output and tracking error, while the traditional PI
algorithm only considers the past and present tracking errors
instead of the future ones [27]-[29]. For field-weakening
control, the future steady state information is important, such as
stator flux and back-EMF, with which the appropriate flux or
flux-producing current can be obtained. Therefore, the
influence of required voltages in transient process can be
suppressed effectively [30].

In this paper, the MPC method is adopted to replace the Pl
regulator in voltage loop to calculate the flux-producing current
reference targeting the electric forklift application, in which
more accurate mathematical model with the d-axis voltage is
utilized [31]. An in-depth analysis of prediction parameter
selection (prediction horizon and control horizon) is presented,;
additionally, the integrator is embedded in the controller
inherently which can ensure zero static error. The closed-loop
structure is presented where all the eigenvalues are calculated.
The parameter selection principle is elaborated such the
amplitude of largest eigenvalue can maintain constant in the
field-weakening region. Both simulation and experimental
results are provided.

The paper is organized as follows. Section Il describes the
IM modeling and field-weakening scheme. In Section 11, the
augmented state equations for current and back-EMF are
established followed by the details of the MPC based
field-weakening controller. Section IV presents the constrains
and performance evaluation. The parameters selection is
discussed based on the largest eigenvalue of voltage closed
loop. Section V and VI give the simulation and experimental
results validating the effectiveness of the proposed approaches.
The conclusion is drawn in the section VII.

2

1. FIELD-WEAKENING CONTROL FOR LOW VOLTAGE IM

A. IM Mathematical Model in IFOC

The dynamic models of the induction motor in rotor flux
reference frame established based on the indirect field oriented
control (IFOC) are

usd = Rslsd + p(psd _ws(psq

usq = Rslsq + p¢sq + a)sq)sd

: @)
U, =R, +po, — (o, -®)p, =0
U, =R, +pp, +(o -o)p, =0
The stator and rotor flux equations are
Py = Liigg + Ll
Pgq = Liigy + Lyl @

(prd = Lrird + Lmisd

Prg = Lrirq + Lmisq =0
Where Usg, Usg, Tsd, Isq @sas @sq are d-g components of the stator
voltage, current and flux; Urg, Urg, irds rqy @ra @rq are d-g
components of the rotor voltage, current and flux; ws is the
synchronic angular speed; w;, is the rotor angular speed; L is
stator self-inductance; L, is rotor self-inductance; L, is the
mutual inductance; R is stator resistance; R, is rotor resistance;
p is the differential operator. The torque equation is

Te =15 pn % isqwrd (3)

r

where p, is the number of pole pairs.

B. IM Operation Region
The stator voltage limitation for IM can be written as
2
V
+2 232 max
Isd +0o |Sq < [E] (4)

where o=1-L’/(LsL,) is the total leakage factor. In steady state,

the rotor flux ¢4 is equal to Lyisg. The torque (3) becomes
2

L.
T, =15 pnrmlSd I, 5)
The maximum torque in steady state considering the constraint
(4) occurs with

iy =iy /o (6)

At the same time, the current limitation can be expressed as
i2 :2 2

o+ <l (7)

where I s is the maximum current decided by inverter current
and machine rated current. In IFOC, the motor operation is
mostly related to the values of isq and isq, which are also named
as flux-producing and torque-producing components of the
stator current. The constraints (4) and (7) are shown in Fig.1.
When the motor speed is below the base speed wy, the iy
reference is equal to the rated value. The segment A-B is called
the constant-torque region, in which the back-EMF is less than
Vmax- When the motor speed exceeds wy, the operating point is
decided by both (4) and (7). The maximum torque is on the
segment B-C, which is the constant-power region. The line O-C
represents (6) where maximum torque is obtained when the
speed is beyond .. If the motor operating point moves along
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segment C-D, the torque cannot be maximized and unexpected
speed oscillations will occur.

A
Isq
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=) (o, > a,)
L o \.C
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\
\
\
\isd
o) A |

max

Fig.1. IM operating condition in the isy — isq plane.

C.Field-weakening Strategy

The control scheme presented in this paper, which is shown
in Fig. 2, is composed of two parts: conventional IFOC module
and field-weakening control. The traditional field-weakening
method is based on |wpasel/|w;|, Which is sensitive to Vg and
parameter variation. One modified scheme of traditional
algorithm is shown in Fig. 3.
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Fig.2.IM control scheme for transaction vehicle.
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Fig.3. Control scheme with voltage closed loop.

In Fig. 3, the per unit d-axis current reference isgrer iS
obtained (by 1/w,) and then adjusted by PI regulator. When the
required stator voltage Us req is smaller than us r, which is set to
be proportional to the DC-link voltage Vg, the offset value igg o
is zero because the maximum positive output of Pl regulator is
set as zero. When Us e becomes larger than U er, the isger is
negative. And the ig s decreases until Usreq is equal to Vg In
this scheme, only the voltages, which are the output of current
Pl regulators, are required. This algorithm is robust to motor
parameters, but is easily disturbed by the unexpected variation
of the DC-link voltage which is unavoidable in electric forklift
applications.

3

I11. MPC BASED FIELD-WEAKENING CONTROL

The parameter tuning of extra voltage loop in Fig.3 is
difficult and usually conducted in an empirical way. Besides, as
the control loop bandwidth varies with respect to the rotor
speed, an inconsistent system performance will result in the
entire field-weakening region.

In this paper, a MPC based controller is presented to
suppress the influence of undesired disturbance from required
voltage, where the augmented mathematical model is
established and the optimal solution is calculated with a cost
function. The guidelines for parameter tuning are discussed
according to the voltage closed-loop performance.

A. Prediction Model

In the current loop control, with PI regulator and forward
compensation, the closed-loop transfer function of iy can be
described as

. 1 .

i (s)=——i S 8

sd() TCS+1 sd,ref() ( )
where 7. is the time constant of current loop, and it is
determined by the parameters of current PI regulator. From (1)
and (2), the flux ¢4y can be expressed as

or,S+1.
L i (s 9
) +1 sd() ()

where 7,=L,/R, is rotor time constant. The differential forms of
(8) and (9) are

qosd (S) = Ls

d. 1. 1.

Elsd = _T_Isd +T_Isd,ref (10)
d 1 . L, .
—@y =——@y +tol,—iy, +—i 11
dt qosd r (/)sd S dt sd r sd ( )

r

Equations (10) and (11) are discretized with the modified
Euler principle to ensure the relative degree is 1 [32]. The
discrete model of equation (10) is

iy (K +1) = (1—2)iy (K) i (K) (12)
T, T

C

where T; is the sampling period. By substituting (10) into (11),
the discrete equation of @ is

T T.L i
Pk +1)=1-)p, (k)+f(1—%)usd (k) +

r r

LS

S

oT,
T

isd,ref (k) (13)

The stator voltage is composed of d-axis and g-axis voltage

c

components
U, = \JU +Ug (14)
The small-signal model can be expressed as
ou
Au, =—=Au,, (15)

sq

Augg is neglected in (15).The voltage ug is the main
component of us in (14). From steady state perspective, when
the motor enters the field-weakening region, the iy can be
assumed to be unchanged or changing slowly, which is
reasonable since i, cannot be driven to a higher level due to the

voltage limitation. The flux ¢, changes are the same as igq
changes resulting in small Augg.
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The equation (15) is rewritten as

ou
Au, (k) = 8U—SAusq (k) = m Aug, (K) (16)
sq
where the coefficient my is defined as
u
— aus _ Sq (17)

m, = =
Oy \JuZ +uZ,
With the incremental form of (13), the equation (16) is
expressed as

or,

)Aig, (k)

Au,(k+1) = (1—%)Aus(k> +mo, {%u_
(18)

r

T

r c

+ O-TSLS Aisd,ref (k):|
T,

c

B. Augmented State Equation

Equations (12) and (18) constitute the incremental state
equation as

AX,, (kK +1) = A AX,, (K) + B,,Auec (K)
y(k) =C,x, (k)

where Xm(k)=[isa(k) us(k)1, Axan(K)=Xm(K)-Xm(k-1), y(K)=us(k),
Umpc(K)=isg ref(K),  Auppc(K)=Umpc(K)-Unpc(K-1)=Algg rer(K). The
matrix A, By, and C,, are

(19)

1-Ts 0 T
TC ’ z-C 1
= Bm =
m, o, T,L, 1_9% T mo,oTL
T, 7, T, Tc
C,=[0 1].

The equation (19) cannot be utilized for model prediction
directly because AXp(K) is not included in the output equation.
The augmented form of (19) is established by combining the
states X(k) and y(k) as

X(K +1) = AX(K) + BAUpc (K)
y(k) = Cx(k)
where x(k) is the new state variable augmented from x;, and y(k),
as X(K)==[Ax (k) y(k)]". The matrix A, B and C are

A{ & 0] B{ By ]cz[o 0 1.
C,A 1 C,B,

C.MPC Solution

The input and output vectors of the MPC solution is defined
as following:

AU e =[AUypc (K)  Alypc (K +1)

(20)

AUype (kK+ N, =1)]"
(21)

Y =[y(k+1) y(k+2) y(k+ NI (22)

where N is called the control horizon and N, is called the
prediction horizon. Nc<<N, and Auwpc(k+j) is zero when N,

-1<j< N,. From (20), the relationship between Y, AUpypc and x(k)

is formulated as
Y = Fx(k) + @AU, e (23)

where

4
CA cB 0 0
CA? | CAB CB 0
F=| . D= . :
CA™ cA“'B cA“’B cAV B
The cost function is defined as
ND Nc
3= rR)=yk + D)} +k, D [Auyee (k+ -1
j=1 j=1 (24)

T

=(R,=Y) (R, =Y )+ AU e K AU,
where r(K) is the voltage reference at time k and is supposed to
be constant from time k to k+N,. R,= r(k) [1 1 ... 1] is the
reference vector. k, is the weight coefficient to be tuned by
closed-loop performance and K,= kyInexne iS Weight matrix. The
optimal solution is obtained by minimizing J and is calculated
from 8J/0Uppc=0 as

AUype = (@@ +K,) @™ (R, — Fx(K)) (25)

In (25), total N, optimal control signals are calculated. With
the receding horizon control (RHC) principle, only the first
sample of this sequence Auypc(K) is utilized for k period. The
control signal with non-incremental form is calculated as

isd,ref (k) = isd,ref (k _1) + AuMPC (k) (26)

In the next sample period, the new measurement is taken to
form the state vector for the calculation of the new sequence of
control signal. And the formula (25) plus (26) are repeated for
isd,ref(k+1)-

IV. MPC ALGORITHM IMPLEMENTATION

The augmented state equation is established for IM
field-weakening control where the input and output of
controller are incremental. The MPC constraint and parameter
selection consideration is discussed as this is critical for
algorithm implementation.

The analysis of stability degree about MPC is much more
complex than conventional Pl controller. In this paper, a
simplified but effective method is presented. All the
closed-loop eigenvalues are evaluated and the largest one is
utilized to evaluate the performance. The controller parameters
are selected in view of the closed-loop performance.

A.MPC based Field-weakening Scheme

MPC algorithms allow the integration of system constraints
in the controller design. In (20), only the constrains of control
variable need to be considered, including incremental variation
and amplitude as

|AUype (K)] < 1 g mee 7)

Isd,min < LIMPC (k) < Isd,rated (28)
where lgraeq IS the rated flux-producing current, lgmin iS the
minimum value of iy, and I 4., iS the maximum incremental
variation.

The new field-weakening algorithm based on MPC is
presented to replace the modified scheme of traditional
algorithm, as shown in Fig.4.The u,  is the reference of voltage
loop, which is set as high as possible to maximize the
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electromagnetic torque. The increment of voltage us and d-axis
current iy are calculated as the input to the controller, while the
output is the first sample of optimal sequence. The increment of

d-axis current reference should be limited by the constrains (27).

And the result of the integration module 1/(1-z*%) is the
amplitude of d-axis current reference which is limited by the
constrains (28). Similar to the PI regulator, the anti-windup
function is essential in the integration module.

Equ.(27) Equ.(28)
) MPC based %: 1 A i rer (K)
_us(k) Controller | ] 1127 [ / —
iy (K) >
ALIMPC (k) Aisd,ref (k)

Fig.4. MPC based IM field-weakening strategy.

B. Closed-loop Evaluation

The closed-loop stability analysis of MPC is complex,
especially when the prediction horizon N, is chosen to be large
[30]. Fortunately, if N, and N are determined, the closed-loop
control has the explicit feedback structure, which can simplify
the analysis.

According to MPC algorithm and RHC principle, the first
element of AUypc can be described as:

Alyec (k) = K r(k) - K

x(k) (29)

mpc

where K, is the first element of (@'®+K,)" ®@'R,. Ky is the
fist row of (®'@+K)'@'F, and Kp=[K, K] The
closed-loop structure is shown in Fig. 5.

Alyypc (K)

UMPC (k)

y(k)

Fig.5. MPC closed-loop structure.
By substituting (29) into (20), the closed-loop equation is

x(k +1) = Ax(k) + B(K,r(k) - K, x(k))
=(A-BK,,.)x(k)+ BK r(k)

The closed-loop eigenvalues can be evaluated through the
characteristic equation of (30), as

det[ 41 - (A-BK,,.)|=0 (31)

The dimension of A is three, and thus, there are three
eigenvalues of (31). Analytical solutions of (31) are difficult to
derive because of the combination variety of N, and N.. If the
N, and N are defined, the matrix Kn,c and all the eigenvalues
can be calculated with Matlab toolbox.

(30)

mpc

C.Parameter Selection

Theoretically, the loop is stable if all the eigenvalues are
inside the unit circle. The eigenvalue with largest amplitude has
the greatest impact on the system. There are three eigenvalues
of (30) defined as 44, 4, and A3. The largest eigenvalue is defined
as

5

P = X {| 2] o | o} (32)

In optimal solution equation (24), the weight coefficient k; is
an important parameter, by which the close-loop performance
is influenced directly. If the k, and coefficient matrices are
constant, the eigenvalues will be constant too. But in the state
equation (20), the coefficient my and angular speed ws in matrix
A are time-variant. The eigenvalues will change when the rotor
speed varies.

In this scheme, the eigenvalue A is utilized to evaluate the
close-loop performance. The motor parameters are shown in
Table | of section V. The arithmetic solution of /., can be
calculated with Matlab.

The selection of prediction horizon N, and the control
horizon N, is one of the important issues. The condition number
of the Hessian matrix (@'®+K,) may increases significantly
with large Np, resulting in the numerical sensitivity which
deteriorates the stability. The relation between A, and myws
with different N and N is shown in Fig.7. (N, N¢) indicates the
different combination. When the N, is constant, the Am. with
smaller N. becomes smaller. When the N, is constant, the Ay

with larger Ny is smaller.
1 ;

0.9r

0.8¢

max

0.7r

0.6

0300 400 600 800 1000

m, @, (rad/s)

1200

Fig.6. Amax calculation with different combination of N, and N when k=0

On the other hand, the computation complexity is decided by
the dimension of (&' ®+K,)®", which is N in (25). For motor
control, the amount of algorithm calculation decreases a lot
when the N, is set smaller because of the high sampling
frequency. In this paper, N, is set as 3 and N is set as 1
considering the calculation burden and complexity.

When k, is constant, the relationship between A and myws
is shown in Fig.7. When myws increases, the An.x becomes
smaller and the close-loop bandwidth becomes higher, which
illustrates that the response may change when the motor
operates in different speed. If myws is constant, the A is
inversely proportional to k. The close-loop bandwidth is lower
when k, is set larger, which is concordant with theoretical
analyses about k.

The eigenvalues vary as the rotor speed changes, which is
undesirable for control objective. Fortunately, the eigenvalues
can be tuned with k; to ensure constant 1.« with different speed.
From Fig.6, the 1. increases with k, monotonically. With the
numerical calculation of Matlab, k, can be decided uniquely
with the given Ay, for different myws as shown in Fig.8 where
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curves of k, are calculated according to different Apax
(0.8/0.9/0.92/0.95). k, increases with myws monotonically with
the given Anax, Which can be tuned based on the performance
obtained from simulation and experiments.

1 ‘ ‘ ; ;

0.9r

0.8
3
£
rﬁ
0.7} ]
k =1
u
0.6t k=0 ]
O‘E Il Il Il Il
00 400 600 800 1000 1200

m, @, (rad/s)
Fig.7. Amax calculation with constant k, when Np=3 and N.=1
20

15

~~ 10

A =08
max

0 400 600 800 1000

m, @, (rad/s)

1200

Fig.8. k, calculation with constant Amax When Ny=3 and Nc=1

V.SIMULATION ANALYSIS

The proposed MPC based field-weakening strategy is
simulated with Matlab/simulink to validate the effectiveness.
The machine and control parameters are listed in Table I.

TABLE |
INDUCTION MACHINE AND CONTROL PARAMETERS

Rated power (kW) 9
Rated voltage (V) 58
Rated current (A) 149
Rated speed (RPM) 1200
Rated frequency (Hz) 62

Max speed (RPM) 3000
R{(mMQ) 20.3
R/(mQ) 26.3
Ls (mH) 2.629
L, (mH) 2.622
Lo (mH) 2.498
Pn 3
Connection A
Isan(A)(peak) 133
Isd,Ama.x(A) 0.2
Np 3

N 1
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The results of ramp response without load are shown in Fig.9.
The speed reference and stator voltage us response are shown in
Fig.9(a). The speed begins to increase at 1s, 3s, 5s and 7s with
the same increment of speed reference of 500rpm. The
acceleration is 500rpm/s, which is set bigger than the
requirement of electric forklift. The reference us s is calculated

from
c ﬁgvdc = &Vdc

23 J3

And the reference should be less than the maximum value.
The coefficient kq is set as 0.95 in this paper. In Fig.9, Vg is
60V and Uss is 33V. In voltage loop, the feedback is the
required stator voltage Usreq. IN Fig.9(a), Usreq reaches the set
value when the speed exceeds 800rpm and the field-weakening
strategy becomes effective. In the acceleration process, Us s is
tracked well. At the start and end of the acceleration, the change
rate of g-axis current becomes larger because of the speed
regulator. More g-axis voltage is required in short time, which
results in the peaks of U req.

u, ., =k, (33)
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Fig.9. Ramp response without load (a) speed and us (b) isg

The igy responses with different MPC parameters are shown
in Fig.9(b). In the process of acceleration, the iy s decreases
steadily. The peaks of Us req disturb the igq rer Calculation severely.
The undesired disturbance of ig rf is large and harmful. When
k, is zero, the amplitude of the disturbance in each start and end
are almost the same. The A, With k=10 is larger than k,=0 and
Amax 18 Not constant when the speed varies.

In low speed region, Anax iS larger and the response of voltage
controller is slower. The influence of us. peaks can be
suppressed effectively. At higher speeds, 1,.x changes to a
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smaller value and the response becomes faster, which results in
larger disturbance amplitude.

In order to ensure the constant response with different speed,
the scheme with constant A, is adopted. In Fig.9(a), Anay IS Set
as 0.95. In each sampling period, the rotor speed w, is measured,
and ws plus my are calculated. The response is almost the same
at 2s, 4s, 6s and 8s. Compared with k,=0, the influence of Us req
peaks can be suppressed effectively, which is important in the
application of traction EV or electric forklift.

VI. EXPERIMENTAL RESULTS

The proposed field-weakening control was experimentally
tested on a inverter-fed IM drive bench. The machine and
control parameters are the same as those listed in Table I. The
experimental setup is shown in Fig.10. The induction motor is
coupled with a30-kW load motor. The total inertia is much
larger than the one in simulation. The controller is supplied by a
DC power without energy feedback. The V. is increased when
the motor decelerates with large inertia. The MPC algorithm is
implemented in the 32-bit processor XMC4500. The PWM
frequency is 10kHz. The sampling frequency of
field-weakening control is 1kHz.

rcion vior L8

Fig.10. Experimental setup of inverter-fed IM drive

The response with conventional PI regulator is shown in
Fig.11. The motor speed starts to increase from 500rpm to
1500rpm in 1s intervals up to 2500rpm in 9s. The acceleration
is 250rpm/s. The nominal V. is 60V. In Fig.11(a), the speed is
tracked well with negligible overshoot because the speed is
controlled with a PI regulator.

In Fig.11(b), the gy s Starts to decrease at 2s and decreases
further as speed increases. In the speed overshoot process, Vg is
increased beyond the DC power capacity and is released with
resistor. The V. fluctuation results in the undesired oscillations
iN isgrer. IN Other words, the ig e IS much sensitive to the
DC-link variation.
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Fig.11(c) shows the reference and feedback of us. The
reference is set as 33V which is equal to the simulation. The ug
is controlled well in the field-weakening region except the Vg,
fluctuation area. The phase current i, is shown in Fig.11(d), the
amplitude of which is consistent with the i rer.

The typical field-weakening analysis is discussed in [10],
where the g-axis voltage uy, are considered, and the d-axis
voltage ugy is neglected. This approximation is not reasonable
when a deep field weakening happens and the deteriorate
performance will be resulted. In Fig.11, the PI parameters are
tuned based on a trial and error method.
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Fig.11.Field-weakening response with conventional Pl regulator (k, = 9.35 and
ki = 45.83) (a) speed reference and feedback (b) isq,rer and Vi (C) Us reference and
response (d) phase current ia

0093-9994 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTA.2017.2787994, IEEE
Transactions on Industry Applications

The response of MPC algorithm with A = 0.95 is shown in
Fig.12. The speed reference is set as the same as in Fig.11. The
isq rer IS @IS0 influenced by the Vg fluctuation. In Fig.12(b), there
is no oscillation in ig s at 14s, which is much better than
Fig.11(b). In Fig.12(c), the u is also tracked well in most
field-weakening region except the V. rising area where the u
control error is larger than Fig.11(c). The result is consistent
with previous analysis. In Fig.12, Ana is set as 0.95 and the
system responses relatively slowly. The controlled us is not as
sensitive to Vg variation as that with Pl regulator. Although the
Us shows some tracking error, there is no oscillation in ig e,
which is very important in field-weakening control.
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Fig.13.us step response with different algorithms (a) PI regulator (k, = 9.35 and
ki = 45.83) (b) MPC with Ana = 0.95
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Fig.14.is response based on MPC controller (a) k,=0 (b) k,=10

This analysis is also illustrated in Fig.13 where the step
responses are shown with different algorithms. The motor starts
to accelerate from 500rpm at 1s and reaches 2500rpm at 9s.
And the ug reference decreases at 10s and changes back at14s.In
the acceleration process, the two algorithms have almost the
same response to decrease the field flux. The curve is a little
wider in Fig.13(a) because of the proportional function in the Pl
regulator. When the us changes in deep field-weakening region,
the responses of two methods differ obviously. In Fig.13(a),
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there are two peaks at 10s and 14s, which are undesired in
electric vehicles. And the peaks are eliminated in Fig.13(b) and
isq,rer rESPONSes to the proper value quickly. And the responses
are not the same comparing the step-down and step-up process
due to the uq influence.

In comparison, the responses of MPC algorithm with fixed k,
are shown in Fig.14with A, = 0.95. When k, = 0 the Ay iS
smallest in all the speed regions and the response is the fastest.
In Fig.14(a), the i e has oscillations in steady state in 1500rpm
and 2500rpm. When k, = 10, the A is big in low speed region
and becomes smaller with higher speed. There is no oscillation
in 1500rpm but appears in 2500rpm, which is shown in
Fig.14(b).

Itis seen from the comparison of three MPC methods (k, =0,
ky = 10, and A2« = 0.95) that the A.,o plays an important role in
Us control and constant Ao, can ensure a consistent response in
all the field-weakening regions, which is important in electric
vehicle applications.

For electric forklift, the maximum motor speed is typically 2
to 3 times of the base speed. The PI parameters, calculated
following [10], cannot be adapted without modification since
the ug is neglected and the ratio of ugy changes with respect to
various speed. The motor cannot follow the speed reference
during the acceleration if the bandwidth is insufficient. If the
bandwidth is set bigger, the oscillation occurs frequently in the
high speed region. Thus the parameters of PI regulator are
tuned in an empirical way in most cases. In the proposed MPC
method, the parameter A, might change for different
applications. The 1, range is set between 0.92~0.98 for the u
control of electric forklift. If the load inertia is small and a fast
response is required in the field-weakening region, the Anax
should be set smaller.

VII. CONCLUSION

A model predictive control (MPC) based algorithm is
developed addressing the importance of the field-weakening
performance for traction IM. In steady state, the control error
can be eliminated with the embedded integrator for the
mathematical model. In the dynamic process, the performance
is related to the eigenvalue with the largest amplitude which is
calculated from the explicit closed-loop structure. According to
the cost function, the relationship between the eigenvalue and
the weight coefficient is built. The coefficients thus can be
adjusted with the predefined eigenvalue in different speed
regions, and the expected performance can be guaranteed. The
simulation and experimental results and analysis validate the
proposed method for both static and dynamic processes.

Compared to Pl regulator, the benefits of adopting the
proposed MPC method are summarized as following:

(1) In MPC, the small signal model of voltage is utilized to
predict the future stator voltage us, in which the ugy is
considered. Compared to mathematic model used in PI
regulator [10], the proposed prediction model is more precise
which is modified in the real time with updated ug(k) and w(k).
The MPC shows better performance with a more accurate
model.

9

(2) The MPC controller is established with incremental form.
The total output is smooth and is not influenced by the variation
of controller parameters. However, the problem exists in Pl
regulators when the k, needs to be tuned in a wide range in a
short time. The MPC parameter k, is modified in each sampling
period, while the total output doesn't show step variation.

(3) Only one parameter needs to be considered: Ana. Once
the Ana is determined, the controller shows consistent
performance in the entire field-weakening region. However,
there are two parameters in Pl regulator and the parameter
tuning is difficult for us control, especially when the consistent
response is required for both light and deep field-weakening
region.
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