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Abstract—In this paper a durable flux-weakening control
strategy is introduced. Based on this control strategy a vector
control of an interior permanent magnet synchronous motor
drive is implemented. The new field-weakening control scheme
is introduced based on the space-vector modulation technique,
that deals with the problem of the dc-link voltage not being
fully utilized. The switching of field-weakening is decided using
the duty-time of the zero-voltage vector that is set as a
feedback signal. A Matlab/Simulink is used to generate the new
control scheme. The results show that the proposed scheme is
attainable. Since the motor operates in two modes the proposed
control scheme has shown a smooth transition between the
constant-torque region which is below the base speed and the
constant-power region that is above the base speed.

Keywords—: Maximum torque per ampere, Field-Weakening
control, control system, Space-Vector modulation, Interior
Permanent Magnet Synchronous Motor.

l. INTRODUCTION

It has been seen that in the past few years the permanent
magnets synchronous motors are extensively used in
different applications starting from the simple ones like
pumps or fans to high performance drives like machine-tools
servos and applications that require high level of speed
regulation like hybrid electric vehicles. This is all due to the
fact that this type of motors contains special characteristics
like high power density, high torque to inertia ratio [1] and
easiness to achieve field-oriented control compared with the
induction motor [2]. It is well known that a permanent
magnet synchronous can operate in two modes the constant-
torque mode and the constant-power mode. When the motor
operates at a speed below the base speed the constant torque
mode is activated. There are basically different techniques
that are employed to control the operation of the motor in

this mode, ta = 0 control [3], maximum torque per ampere
control [4-5] or any other control strategy [6]. The main
concern is that when the motor reaches the base speed the
terminal voltage of the inverter reaches its limit value, this
can cause the current regulators to go through saturation and
the stator current will no longer be able to track the desired
output value. it has been seen that the motor cannot operate
at a speed higher than the base by increasing the voltage.
Thus, to obtain higher acceleration, flux-weakening
algorithm is required control strategy that can make the
motor run at higher speeds while keeping the voltage in a
perfect balance [7-8].

The main idea of the field-weakening is to reduce the d-
axis flux by reducing the effect of the permanent magnet
flux. And from that principle large number of scholars
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worked on achieving this goal and they have developed
many methods. CT pan, along with many other academicians
came out with a method that works based on the analysis of
the mathematical model. The method proposed a
mathematical relationship between the two current
components and the rotor speed in which the values of the
direct and quadrature current components are calculated
when the motor is working in the field-weakening mode [9].
But it has been seen that this method contains some draw
backs it’s sensitivity to motor parameters and inability to
achieve fast dynamic response made this method only
reasonable in theoretical analysis. While RU Lenke along
with his colleagues, introduced the look-up table method in
order to carry out the field-weakening control. This control
technique generates the values of the reference currents both
direct and quadrature from a look-up table which coincides
to the reference value of the stator flux and torque [10]. Even
though this method achieves real-time performance but it’s
still sensitive to the changes of the motor parameters. And
the precision of this algorithm depends on large experiment
data. The Gradient descent method that is presented by YD
Yoon, generates field-weakening making adjustments to the
current reference value. The region of the field-weakening is
assigned by finding the angle between the voltage decreasing
direction and constant-torque direction. By comparing this
method with the look-up table method, it can be seen that the
Gradient descent method is more suitable but the main
drawback is that its calculation is too complex [11-13]. ZB
Zeng introduced the outer loop voltage control method, in
this method the field-weakening can be switched
automatically by wusing the differentials between the
threshold value and the given voltage value [14-16]. The
algorithm is quite simple and reliable but it suffers from a
drawback that the dc bus voltage is not fully utilized.

In this paper a new field-weakening control technique is
introduced this technique works based on space vector
modulation technology and it is employed to find the
switching of the field-weakening controller. During the field-
weakening operation a lag might occur caused by the
quadrature axis current regulation and for that reason a lead-
angle technique is introduced to avoid this problem. The
simulation results show how this technique is efficient as it
assures a smooth transition between the constant torque
region and the constant power region not to mention the
efficiency of the inverter.

Il.  MATHEMATICAL MODEL OF IPMSM

For an IPMSM the direct and quadrature axis inductances
are not equal and the voltage equations are given as the
following:


mailto:farahsakura77@gmail.com
mailto:hhabbi@gmail.com
https://www.thesaurus.com/browse/extensively

vy _

Usd = RB' j‘sd ar we. 'LIIq. (1)
. dl

L-;ET:RS 'ISE]‘-I_EI{—'_ me'LI‘[d' (2)

To which: ll‘rd = Ld'isd + ll'!;m 3)

]"EII!T:L!T'IISI!T 4

And The motor torque is calculated using the following
equation [17]:
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Substituting equation (3) and (4) the electromagnetic torque
equation becomes as the following:
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Where
d-and

synchronous electrical speed

stator  resistance e

W Wa  gand g-axis flux

linkages W flux linkage of the permanent magnet, P,
pole pair . The electromagnetic torque has two terms, the
first term Is called the torque produced by the intersection
between the stator current and the permanent magnet flux
linkage this term is called the reluctance torque. The second
term is caused by the saliency of the motor. in this paper the
effect of the magnetic saturation is not considered and hence

g-axis  voltages R,

both ( L, ) and (L rrj are both considered to be constant.

Ill.  SPACE VECTOR PULSE WIDTH MODULATION

Space vector modulation is a technique used to provide
pulses to the inverter that is connected to the permanent
magnet motor. This technique is used extensively for its low
switching loss, high flexibility and low computational
complexity [18]. PWM technique finds the average variation
of voltage space vector.

Eight switching states where there are six active states
and two zero states, and they can be represented as a
hexagonal shape in a two dimensional plane. the hexagon is
divided into six sectors the radius is equal to the voltage
space vector of the three phase inverter as shown in Fig (1).
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Fig. 1. Eightswitching states of the inverter

The main objective of the space vector modulation is to
approximate the reference vector. And this can be done using
the switching combination, the approximation is done by
switching between any two adjacent active vectors and the
zero or null vector. Based on that the following equations are
represented:
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In which T1: T2 and To are the duty-times for the active

VD,? in the

T, + T, + T, =T,

voltage vector Vi, V5 and the zero-voltage vector

one PWM period. And T, is the switching time. In the space
vector PWM a rotating voltage vector is used as a reference

and this vector is sampled once in every sub cycle T;. Based
on the equations above there are two operating conditions for

the inverter that is if 11 T T2 < TouTg =0 then the
inverter is said to be in the linear modulation mode and this
mode contains sufficient modulation margin to pursue the

reference vector. When 11+ T2 =T, Ty <0 s js
known as the over modulation mode that is when the user
tries to get output voltage with magnitude more than of that
allocated inside the cotangent circle of hexagon as shown in
Fig.2 [19].

Fig.2 Overmodulation region

IV. FIELD-WEAKENING PRINCIPLE

In a permanent magnet synchronous motor, a constant
torque can be delivered as long as the inverter voltage value
does not reach its limit, and the motor is said to be operating
at a speed below the base. Once the motor reaches the base
speed the induced back-EMF reaches the maximum available
voltage and it can be seen that the torque will drop rapidly
when the speed increases. In order to increase the operating
range of the motor that is to make it operate at speeds beyond
the base a field-weakening algorithm is introduced. The
inverter provides two constraints, the maximum available
voltage and the maximum available current and these are
given by the following equations [20]:

fgti, =1

max (9)
Via + Viz = Ve (10)

In which: Tmax is the maximum current provided by the

inverter. Vmax is the maximum voltage provided by the
inverter. Using the voltage equations and flux equations
given in section two of this paper the dq voltage equations
are written as the following:
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By substituting Eqg. (11) and Eqg. (12) into Eq. (10) the
following equation is formulated:
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Eq. (13) can be represented in the dg plane as an ellipse
as shown in Fig. 3.

iy h
# Constant torque curve

Current limit circle
S R

i
| Y
| \
T T T
| | !
A \

Al ~ - /
N - s
‘/-"-777—"'“ -

L B

Voltage limit ellipse

Fig. 3. inverter voltage and current limitation

As seen in Fig. 3, the voltage ellipse shrinks as the motor
speed increases. Starting from zero over the MTPA curve the
motor is working at a speed below the base. When the motor
reaches the rated speed given by point (A) in the graph the
maximum values of voltage and current are reached and
current regulators get saturated for that the motor cannot
increase its speed any way further because the motor will be
out of control. In order to make the motor operate at a wide
ranges of speed the field-weakening technique should get in
the service. The main idea of the field-weakening is that the
current should move from point A and move along the

circumference of the circle in a direction where =+ increases

more into the negative side and "=a decreases, and this will
reduce the value of the stator voltage below the max value
and the current regulators shall breakaway from saturation
which will allow the motor to operate at higher speeds. The
following equation is used to give a clear understanding to
the idea:

]'lblr! = Ld'isd + ]1'&:111 (14)
By making the direct axis current component goes more

into the negative the resulting flux s is lowered and by
lowering the resultant flux the motor shall operate at speeds
above the base speed and hence increasing its speed range.

When going into the field-weakening mode there is a risk
of saturation of the (PI) current regulators. Using the new
proposed method, the saturation of the current regulators can
be overcomed, also this method provides a better utilization
of the dc bus voltage. The new proposed field-weakening
algorithm uses the switching time of the zero voltage vector
as a feedback in order to switch to the field-weakening
controller. As it has been seen that the duty-time of the zero
voltage vector gives a status about the output of the inverter.

when Tn < O the value of the reference voltage ¥ref has

gone beyond the inverter’s capability and that means the
system need to go into the field-weakening mode. This
method also focuses on preventing the current from
exceeding the limit during this mode of operation that’s why
a lead-angle control is introduced. This method works on
separating the magnitude of the stator current from its angle
and keeps the magnitude of the current within the required

14

limits using the limiter. The construction of the field-
weakening block [21] is shown in Figure 6.
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Fig. 4 Block diagram of flux weakening
In which: Be Field-weakening coefficient (0....1) K

Gain of the field-weakening integrator, kfw
Anti-windup gain , The field-weakening coefficient is given
by the following equation:

B. =k [T,dt (15)
In the above equation k, a positive constant and it
represents the rate of change of the field-weakening

coefficient. Bc makes modifications on the lead-angle of the
stator current, new values of the stator currents will be
generated based on the modified angle. When the motor is

operating at a speed below the base To is greater than 0 and
the field-weakening coefficient Be is equal to 1. But when

the motor reaches the base speed Ty go to zero. The angle
gets modified and the new stator currents will be given by
the following equations:
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And through that process the d-axis current is increasing
towards the negative and the g-axis current is decreasing as
shown in Fig. 5.
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Fig. 5 Field weakening action

V. SIMULATION RESULTS

For a clear understanding the field-weakening has been
represented in Matlab/Simulink and the simulation model is
shown in the Fig. 6. The motor parameters are given as the

following: s = 9.62m{}

L,=28.7uH

direct axis inductance

quadrature axis inductance



Lo =4720H  number of pole pair P» = 6, moment of

inertia J=20.17 kg.™" |, permanent magnet flux-linkage

Y =9.71mwb ang viscous friction coefficient B=0
N.m.s . the drive system uses a space vector PWM inverter
with a switching frequency of 5KHZ and dc-bus voltage of
24V,
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Fig. 6 Simulation model of MTPA for IPMSM drive

It can be observed from Fig. 7 that the speed response of
the IPMSM motor when the reference speed is 2500 r/min
when including the field weakening control. In Fig. 8, the
direct and quadrature current response. Fig. 9 a and b showed
the torque response without and with the field weakening
respectively.
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Fig. 7 Speed response

current response

[l

direct and cued rature cumants

Q Q5 1
Time {serconcs)

Fig. 8 d and g current components

15

torque response

toecue respanse

Time {saconds)

b

Fig. 9 Torque response

It can be illustrated from Fig. 9 that the ripple in the
dynamic torque is reduced when including the effect of the
flux weakening.

VI. CONCLUSION

The main goal of the field-weakening is to expand the
operating range of an IPMSM in order to increase the
number of applications that this motor can contribute in. A
field-weakening control technique along with the space
vector PWM is represented. A Matlab/Simulink was carried
out and it shows how the field-weakening is carried out. It
has been seen that the drive system can go into the field-
weakening with a good torque dynamic. This method is also
capable of preventing the current saturation in the PI
controllers by using the lead-angle control method. The
results have shown an improved utilization of the dc-bus
voltage and for different values of speeds, still the overshoot
is a bit high in all the plots but it can be fixed but the system
has proven its effectiveness and it can be used in different
applications such as electric vehicles.
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