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Feed-forward Torque Control of Interior
Permanent Magnet Brushless AC Drive for
Traction Applications

K. D. Hoang, Member, IEEE, J. Wang, Senior Member, IEEE, M. Cyriacks, A. Melkonyan, and K.
Kriegel

Abstract—This paper presents a feed-forward torque control
(FTC) technique for interior permanent magnet (IPM) brushless
AC (BLAC) drives in traction applications. It is shown that by
adopting the Newton-Raphson iterative method for solving the
proposed high-order nonlinear relationship between the torque
demand, flux-linkage and desirable dg-axis currents, FTC with
due account of nonlinear machine parameters can be achieved
for IPM BLAC drives. It is also proven that the comparison
between the reference voltage magnitudes under maximum
torque per ampere (MTPA) and field-weakening (FW)
operations together with online base speed determination can be
utilized for FW operation activation to achieve full exploitation
of the available DC-link voltage during the transition between
the constant torque and FW operation regions. Since both the dg-
axis current references and the base speed for FW operation
activation are computed online, the proposed FTC technique
provides flexibility for online parameter update or estimation
and is able to cope with wide DC-link voltage variation. The
proposed FTC strategy is experimentally validated by
measurements on a 10kW wide constant power speed range
(CPSR) IPM BLAC machine drive.

Index Terms— Feed-forward torque control (FTC), field
weakening (FW) operation, interior permanent magnet (IPM)
brushless AC (BLAC) machine, maximum torque per ampere
(MTPA) operation.

I. INTRODUCTION

DUE to high efficiency and wide field weakening
capability, interior permanent magnet (IPM) brushless
AC (BLAC) machine is often employed in traction
applications [1], [2]. However, an IPM BLAC machine is
well-known for its nonlinear machine parameters owning to
saturation and cross-coupling effects [3] which affect the
quality of torque control. Thus, these effects have to be taken
into consideration for high performance operation. In a
traction application employing IPM BLAC machine, torque
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control is generally required. Therefore, an effective torque
control strategy for a full speed operating range is essential. It
should give the drive system the flexibility of online
parameter estimation/adaptation [4-5] and ability to
accommodate DC-link or battery voltage variation.

To date, a great number of control schemes were proposed
for IPM BLAC drives [1], [2], [6], [7], and [8]. However, all
these studies were focused on the speed control where the
output of the speed controller is not the torque demand, but
signals proportional to the g-axis current [1-2], the g-axis
current demand [6], or the phase current amplitude [7-8]. This
will inevitably introduce nonlinearity into the control loop. On
the other hand, the d-axis current demand under these
proposed control schemes is generated based on the
assumption that the machine parameters are constant.
Actually, this is not true for most IPM machines [3].

Torque control methodologies for IPM BLAC drives with
voltage feedback (VFB)-based stator flux reference regulation
were reported in [9], [10], and [11] where the d- and g- axis
current demands are obtained from predefined look-up tables
(LUT) with torque and flux-linkage magnitude as their inputs.
As these LUTs are defined offline based on the nonlinear
machine model, it is difficult to accommodate parameter
variation during operation, such as temperature effect and
large variation of the DC-link voltage. In [10], it was
demonstrated that the VFB-based torque control scheme
presented in [9] cannot make full use of the available DC-link
voltage due to the conflict between the anti-windup and the
current regulators. The transition between the constant torque
and the field weakening (FW) regions under the proposed
VFB-based torque control scheme in [10] depends on the VFB
gain and the base speed of the [PM BLAC machine. It is noted
that the base speed significantly depends on the nonlinear
machine parameters, the DC-link voltage, and the employed
modulation technique. Consequently, excessive d-axis current
may result and compromise drive efficiency. Similar issues
can be found in [11] where a predefined steady state
modulation index reference which is computed offline based
on the nonlinear machine paramaters together with VFB
controller were utilized to activate and maintain the FW
operation.

In this paper, the mathematical descriptions representing the



relationship between the torque demand, the flux linkage and
the desired dg-axis current components for feed-forward
torque control (FTC) under maximum torque per ampere
(MTPA) operation and field weakening (FW) operation are
introduced. Since for a given torque and speed, the governing
equation for dg-axis currents are 4th order polynomial, it is
shown that good accuracy for solving d- and ¢- axis current
references can be achieved by employing the Newton-
Raphson iterative method [12] and selecting appropriate initial
values. It is also demonstrated that the comparison between
the reference voltage magnitudes under MTPA and FW
operations together with online base speed determination can
be employed for FW operation activation to make full use of
the available DC-link voltage during the transition between
the constant torque and FW operating modes. Since the base
speed for FW operation activation and the dg-axis current
references for a given torque demand and speed are computed
online under the proposed FTC technique, it provides
flexibility for online parameter update or estimation and
facilitate full use of available DC-link voltage which could
vary considerably.

This paper is organized as follows. In Section II, the
mathematical model of IPM BLAC machine together with its
current and voltage limiting trajectories in the rotational (dq)
reference frame is presented. The proposed FTC technique for
IPM BLAC drive with suitable transition between the MTPA
and the FW operating regions is described in Section III. In
Section IV, measured results are reported to experimentally
validate the proposed FTC methodology.

II. MATHEMATICAL MODEL FOR OPTIMAL OPERATION OF IPM
BLAC MACHINE

A. Mathematical model of IPM BLAC machine

The mathematical model of an IPM BLAC machine in the
(dq) reference frame can be expressed as follows [1, 2]:

. dy,
vd = Rsld - wel//sq +% (1)
. dy,
v, =Ri, +oy,+ ” g 2)
V=L, +vy, 3
v, =L, 4)
3 . .
T, = 2 pily, +(L, —L,)i,] (%)

where v, ., i, Wa.> L., are the transformed (dg)

voltages, currents, stator flux-linkages, and stator inductances,
respectively; @, is the electrical rotor speed; R, is the stator

resistance; y/, is the flux linkage due to PM field; 7, is the

electromagnetic torque and p is the pole-pair number.

B. Current and voltage limits of IPM BLAC machine drive

1) Current limit circle
The current limit of a drive system depends on both the
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Fig. 1. Performance of IPM BLAC drives. (a) Operating limitations. (b)

Current and stator flux vector diagrams.

TABLE I
MODULATION FACTOR k,, ASSOCIATED WITH DIFFERENT MODULATION
TECHNIQUES [13]

Sinusoidal Third-harmonic Space-vector
injection PWM ) Six-step PWM
PWM (SPWM) (THIPWM) PWM (SVM)
! L L 2
2 ﬁ \E V4

current rating of the machine and inverter. Normally,
maximum operating current of the drive system should be kept
below a maximum permissible value, 7, . Thus, the current

limit circle can be defined as
iy +i; <1, (6)

2) Voltage limit ellipse
In a drive system, the maximum available fundamental
phase voltage depends on modulation technique and supply
DC-link voltage [13]. Since the time derivations in (1) and (2)
are zero in steady state, the voltage limitation associated with

the induced voltage [6], v,, and v, ,, can be expressed as:

q0°
\ Vao + v:o =Vo <V, =k Ve =R, Q)
Vio = _weLqiq > Vo = @, (Ldid + l//m) (8)

where V, is the DC-link voltage; V,, is the equivalent
maximum induced voltage; and k,, is the modulation factor

associated with an modulation technique [13] as shown in
Table I. Fig. 1(a) presents the current and voltage constraints
of the IPM BLAC machine employed in this study. It is worth
noting that when the operating speed is higher than the
machine base speed (@,,, ), the maximum achievable torque
at a given speed for the IPM BLAC machine is determined via
the intersections between the voltage and current constraints.

III. PROPOSED FTC STRATEGY FOR IPM MACHINE
CONSIDERING NONLINEAR PARAMETERS

A. Proposed FTC technique for Maximum Torque per
Ampere (MTPA) Operation

From Fig. 1, without the voltage limit, dg-axis current



components can be expressed as

iy = ~Jiu|sin(B) 51, = [iy|cos(B) ©)

=1, =4i; +i. is the magnitude of the stator

phase current vector. Substituting (9) into (5) gives

where

ldq

T, = gp[wmlmg cos(B) + (L,~L,)I2,, sin(B)cos(B)] (10)

According to [12], for a given current magnitude, the
optimal angle f for maximum torque can be obtained by
solving (11)

dr, 3 . . e _
o 2p[ Vol g SIN(B) + (L, — L)1, cos(2B)]=0 (11)

which yields

—y, +Awi+8I (L —L,)
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AL, L) (12)

mag

Substituting (12) into (9) and solving for the d-axis current
yields (13) for the MPTA operation

., v,

| = - +i 13
“Cat, -y \ag-ny
Substituting (13) into the torque equation (5) leads to
2T 27 Y
. 2 -4 e . e —
fMTPA(lq)z(Ld_Lq) lq +§l//mlq_[3pj _O (14)

Equation (14) presents the mathematical relationship
between the demanded torque and the required g-axis current
to achieve the MTPA operation in the constant torque
operation region. Illustration of MTPA operation trajectory
for IPM BLAC machine is presented in Fig. 2 (OABCD
trajectory). Since (14) is a 4th-order polynomial, the Newton-
Raphson iterative method [12] may be employed as follows.

. . _ ]FMTPA (iqMTPA (k))

Lmrpa (k+1)= LmrPa (k) I (iqMTPA ) (15)

S = 4L~ LY+ 2y, (16)
3p

where ;. ()denoted the derivative of f, . ()andi ., (k) is

the k™ iteration of the g-axis current demand for the proposed
FTC technique with MTPA operation, i, . To ensure rapid

convergence, selection of suitable initial root values is

FW region

Wy =Wy,
Dy

Voltage‘ constraint

VY ‘ /] 0] 4
\ L ? /
\. Current constraint / /

Fig. 2. Optimal operation of IPM BLAC machine under constant torque
operation region and FW region.

essential. The initial root value of (15) can be obtained by
neglecting the 4" order term of (14) and solving

2T,
3py

(17

iqMTPA 0)=

Normally, a convergence condition, &, should be defined

for the iterative process

AiqMTPA (k+1)= iqMTPA (k+D— iqMTPA (k)<¢& (18)
where & is often chosen based on decimal places of the
expected approximation accuracy. The implementation of the
Newton-Raphson iterative method for the proposed FTC
technique with MTPA operation is illustrated in Fig. 3(a).
However, it is worth noting that the sampling interval in a
DSP-based drive system is fixed. Therefore, there is a trade-
off between the number of iterations for high approximation
accuracy and the required computation time. Normally, the
number of iteration should be limited when sufficient
accuracy has been reached. Fig. 3(b) shows that good
accuracy up to 3 decimal places (1-9mA error, i.e., 0.001-
0.009% of the actual g-axis current value) can be achieved
after only 4 iterations for the IPM BLAC machine with a step
change 20Nm of torque demand at 1000rpm. Once (14) has
been solved, the d-axis current demand for the proposed FTC
technique with MTPA operation, i,,,,, can be derived from

the torque equation (5) as follows:

2T, Y

e

3piqMTPA (L, - Lq) (L, - Lq)

(19)

Lavrea =

B. Base speed of IPM BLAC machine

For an IPM BLAC machine, its base speed is defined by the
intersection between the MTPA trajectory, the current limit
circle, and the voltage limit ellipse (point D in Fig. 2) [7]. By
substituting (6) into (13) and solving, the d-axis current at the
intersection point D (i, ) can be derived as
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(20)

Lagase =

Since the intersection point D is located in the voltage limit
ellipse associated with the base speed, substituting (6) and
(20) into (7) and solving yields the base speed for FW control
activation as

Vo @1)

\/(LdidBASE 'H//m)2 +Lf, (131 _i;BASE)

base

As can be seen from (21), the base speed value depends on
the machine parameters, the maximum operating current, the
supply DC-link voltage, and the selected modulation
technique. Fig. 4(d) illustrates the base speed variation of the
IPM BLAC machine with the DC-link (battery) voltage
variation. In practice, this value is essential for FW control
activation of IPM BLAC machine, [6] and [10].

C. Proposed FTC technique for Field Weakening (FW)

Operation

When the operating speed of the IPM BLAC drive is higher
than its base speed, the dg-axis current references must be
selected to maintain both the torque demand and the voltage
boundary. From Fig. 2, it can be seen that for a given torque
demand T, the operating point should be 4, for the speed of

w,, and 4, for w,. The operating point for a given torque

demand and speed in the FW operation region can be obtained
by substituting (5) into (7) and solving (22) for the d-axis
current demand of the proposed FTC technique with FW
operation (7. )

fFW(id):a4i3+a3i;+a2i5+alid+a0 =0 (22)
where
2
ay =y, B+ (%qu ;a,=2Ly, -24By,
p

a,=Lw. +4L,w:A-BA*;a, =2Ly, A* +24y, L,

2
a, =LA 4=1L, —Lq;Bz(%) -yl

e

It is worth noting that value of V,, depends on the
modulation factor k,, as shown in Table I. Therefore, for an
IPM BLAC drive system with overmodulation (OM)
technique [14], a selection of k,, =2/x may make full use of
the available DC-link voltage. As (22) is also a 4™ order
polynomial, the Newton-Raphson iterative method (15)
should be utilized for implementation of the proposed FTC
technique with the FW operation. The derivative of (22) for
the Newton-Raphson approximation can be expressed as

iqMTPA (0)
Step 1 l

iqMTPA(l) = iqMTPA(O) -

SosrpaG GMTPA (0))
Srrpaligppa(0)
AiqMTPA 0= iqMTPA - iqMTPA 0)

4

i GMTPA (Y]

Step 2 i

Sarea (iqMTPA @)
fn,HPA (iqMTPA )
AiqMTPA 2= iqMTPA - iqMTPA (0]

iqMTPA 2= iqMTPA -

4

iqMTP_—l (k - 1)

Step k l

iqum (k)= iqMTPA (k) -

f MTPA (iqMTPA (k - 1))
fA:ITPA (iqMTPA (k=1))—»
AiqMTPA (k)= iqMTPA (k) - iqMTPA (k-1)

A

P ]
Lorerpa = Yomrrpa (k)
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0.01 60
Torque
[\ 50
<

e 4078
& , <
f{éo.oos D 302
2 g
g 20

110

¢ Time (s) 0
(b)

Fig. 3. Newton-Raphson iteration for solving proposed FTC technique with
MTPA operation. (a) Block diagram. (b) Iterative error for a step change
20Nm of torque demand at 1000rpm.

fiw @) =4a,i, +3a,i; +2a,i, +a, (23)

The initial root value for approximation of (22) can be
derived by neglecting the 3 and 4™ order terms and solving

2
—a, +4/a; —4a,a,

2a,

Ly (0) = 24

After (22) has been solved, the g-axis current demand for
the proposed FTC technique with FW operation can be
derived from the torque equation (5) and is given by:

2T
inW = < - (25)
3ply, + (L, - Lq)ldFW]

From (14) and (22), it is obvious that under the proposed
FTC technique, the dg-axis current references associated with
the torque demand at a given speed are computed online for
both constant torque and FW operation regions. Therefore, it
provides flexibility for online parameter update or estimation
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and ability to cope with wide DC-link voltage variation and to
make full use of available battery voltage.

D. Nonlinear Parameter Issue of IPM BLAC Machine

To implement the proposed FTC technique, the machine
parameters for computing relevant dg-axis current references
from a torque demand value must be available. However, the
parameters of IPM BLAC machines are often nonlinear and
defined as functions of d- and g- axis currents [3], [10], [11],
and [15]. The nonlinear machine parameters of the IPM
BLAC machine employed in this study are illustrated in Fig.
4. It is worth noting that these nonlinear parameters can be
obtained using the measurement technique proposed in [15].

E. Transition scheme between the MTPA and FW

operations for the proposed FTC technique

In [6], based on the assumption that the induced voltage
magnitude [obtain by solving (7)] under FW operation (7, )
are equal to the equivalent maximum induced voltage V,,, , it
was suggested that FW operation can be activated by
comparing between ¥, and the induced voltage reference
magnitude under MTPA operation (V,,,,) [Fig. 5(@)]. In

practice, V,, and V,,, may not always be equal. Thus, under

this scheme, full exploitation of the available DC-link voltage
may not be achieved. On the other hand, effects of stator
resistance voltage drop are also neglected. In this paper, to
fully exploit the available DC-link voltage and take into
account the stator resistance voltage drop, voltage reference

magnitudes [obtain by solving (1) and (2)] under MTPA
(Vyps) and FW (V) operations is compared as shown in

Fig. 5(b) to activate FW operation. Also from Fig. 5(b), it is
noted that implementation of the modified FW transition
scheme requires prior knowledge of the base speed. In an IPM
BLAC drive for traction application with nonlinear machine
parameters (Fig. 4) and variable DC-link (battery) voltage, the
base speed is not fixed. A lower base speed than the actual
one may trigger earlier FW operation, which results in not
making full use of the available DC-link voltage and hence
lower efficiency. Besides, a higher base speed than the actual
one may cause voltage saturation in the drive system with
unexpected torque reduction at high-speed operations. Thus,
for the proposed FTC technique to achieve maximum output
torque under a given DC-link voltage in both MTPA and FW
operating modes, the base speed should be determined online
using (21). The modified FW transition scheme illustrated in

Fig. 5(b) is as follows:
1) If the operating speed is lower than the base speed
(w, in Fig. 2), the MTPA operation is selected and

operating point associated with a given torque
demand follows the MTPA trajectory (OABCD) as
shown in Fig. 2.

2) When the operating speed (w,, in Fig. 2) is higher
than the base speed, for a given torque demand
(T, in Fig. 2), the operating point is chosen between

B and B, based on the comparison between V,,,,,
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Fig. 7. Experimental hardware setup. (a) Inverter and DSP-based control
platform. (b) IPM BLAC machine coupled to dynamometer via torque
transducer.

and V,, , Fig. 5(b). Since the base speed is computed

online using the machine nonlinear parameters and
the DC-link voltage measurement as shown in (21),
the variation of the DC-link voltage and machine
parameters can be taken into account.

The block diagram of the proposed FTC technique is
presented in Fig. 6 where the superscript “*” indicates the
reference values. To provide the instantancous machine
parameters for the IPM BLAC drive, three predefined LUTs
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Fig. 8. Steady state and dynamic test of proposed FTC technique for IPM
BLAC drive under MTPA operation. A: Slowly acceleration with 20Nm
torque demand. B: Slowly acceleration with 15Nm step change on torque
demand. C: Acceleration from 400rpm to 1500rpm with 35Nm continuous
torque demand. D: Deceleration with zero torque demand.
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TABLE II
IPM BLAC MACHINE PARAMETERS

Number of pole-pairs 3

Phase resistance 51.2 (mQ)
Continuous/maximum current 58.5/118 (A)
Peak power below based speed 10 (kW)

DC link voltage 120(V)
Based/maximum speed 1350/4500 (rpm)
Continuous/peak torque 35.5/70 (Nm)
Peak power at maximum speed 7 (kW)

based on Figs. 4(a), 4(b) and 4(c) are employed. First, the base
speed is computed via (21). Then, operation mode will be
decided using the selection scheme shown in Fig. 5(b). The
current references for a given torque demand are computed
using the aforementioned FTC technique. The cutoff
frequency of the two PI current controllers (@,) shown in
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MTPA operation at 1200rpm, 70Nm peak torque demand. (a) Phase @ current
and torque waveforms. (b) 3-phase current and voltage waveforms.

operation at 4500rpm, 5Nm torque demand. (a) Phase a current and torque
waveforms. (b) 3-phase current and voltage waveforms.
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Fig. 12. Measured results of proposed FTC technique under MTPA operation at base speed (1350rpm). (a) 35Nm continuous torque demand. (b) 70Nm peak

torque demand

Figs. 6(b) and 6(c) is chosen as 5 to 10 times of the maximum
operating frequency of the IPM BLAC machine, Table II.

IV. EXPERIMENTAL RESULTS

To demonstrate the proposed FTC technique, a test-rig with
a 10kW wide CPSR (3.333) IPM BLAC machine designed for
traction application has been set up as shown in Fig. 7. The
machine exhibits nonlinear parameters (Fig. 4) and its ratings
are provided in Table II. It is worth noting that the
overmodulation technique presented in [14] is utilized
together with the modulation factor k,, =2/7 to exploit the

available DC-link voltage under the proposed FTC technique.
A voltage transducer is utilized to track the DC-link voltage

variation. The switching frequency is set as 8(kHz) and a
magnetic encoder (Renishaw RM44SC0011B20F2F10)
employed to provide the rotor position information for the
controller. A precision power analyzer (Yokogawa WT3000)
together with an in-line torque transducer is used to measure
currents, voltage, and efficiency of the inverter and the IPM
BLAC machine.

To wvalidate the proposed FTC technique, dynamic tests
under both constant torque and FW operation region were
respectively performed, Figs. 8 and 9. During the tests, the
drive operated in torque control mode and its speed was
controlled by the dynamometer. Fig. 8 shows the speed and
torque variations of the drive operating in the constant torque
operation region with the proposed FTC technique. As can be



seen, good torque control is maintained regardless of the
speed variation and a 15Nm step change in torque demand.
The torque response to the step changes is smooth with
virtually no overshooting. It is noted that MTPA operation is
still maintained for the tested IPM BLAC drive when the
operating speed is higher than the base speed (1350rpm) with
35Nm continuous torque demand under the modified FW
transition scheme shown in Fig. 5(b). Since the MTPA
operation is selected for the operating points from 1350rpm to
1500rpm with 35Nm continuous torque demand due to their
lower voltage reference magnitudes compared with that of the
FW operation, the available DC-link voltage is fully exploited
with the proposed FTC technique.

The results obtained from dynamic test of the proposed
FTC technique in the FW operation region is presented in Fig.
9. It is shown that the generated torque of the IPM BLAC
drive, when the speed was increased from 700rpm to 4000rpm
and decreased from 4000rpm to 1500rpm, follows the
maximum power boundary ( DC,B,4,) shown in Fig. 2. The

measured torque variation matches well with the predicted
results for both acceleration and deceleration tests. A smooth
transition from the constant torque to the FW operation
regions when the operating speed approaches 1570rpm under
35Nm continuous torque demand can be observed at t = 20(s).

Measured results with 3-phase balanced sinusoidal current
waveforms and smooth torque production in the steady state at
1200rpm and 70Nm (MTPA operation, maximum power) and
at 4500rpm and 5Nm (FW operation, maximum speed) are
shown, respectively, in Figs. 10 and 11 to validate the
proposed FTC technique incorporating the nonlinear machine
parameters for wide CPSR IPM BLAC machine. In addition,
to express the efficiency of the modified FW transition
scheme with online base speed determination, voltage and
current waveforms of the tested IPM BLAC machine under
the proposed FTC technique at 1350rpm (base speed) are
presented in Fig. 12(a) for 35Nm continuous torque demand
and Fig. 12(b) for 70Nm peak torque demand, respectively.
Since the voltage limit of the drive system reaches the
hexagon boundary [14] at the base speed under peak torque
demand, the available DC-link voltage at this operating point
is fully exploited. Thus, compared with Fig. 12(a), 3-phase
flat-top current waveforms can be observed from Fig. 12(b).

It is worth noting that measured results from Figs. 8 to 12
with good overall dynamic response, smooth transition
between the constant torque and the FW operating regions
with full DC-link voltage exploitation, together with 3-phase
balanced sinusoidal current waveforms and smooth torque
production in the steady state are experimentally verified the
proposed FTC technique incorporating the nonlinear machine
parameters using the Newton-Raphson iterative method.

V. CONCLUSION

In this paper, a feed-forward torque control strategy
incorporating nonlinear machine parameters for a wide CPSR
IPM BLAC drive in traction applications has been described

and experimentally validated. Since the relationship between
the torque demand and dg-axis current components are
governed by 4™ order polynomials in both constant torque and
field weakening regions, it has been shown that good accuracy
for d- and ¢- axis current references can be achieved by
employing the Newton-Raphson iterative method and
selecting appropriate initial root values.

It has been demonstrated that the comparison between the
reference voltage magnitudes under MTPA and FW
operations together with online base speed determination can
be employed for FW operation activation to make full use of
the available DC-link voltage during the transition between
the constant torque and FW operation regions. The proposed
FTC technique can be ecasily incorporated with online
parameter update to improve torque control accuracy and
drive efficiency, and has the ability to cope with wide DC-link
voltage variation.
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