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Interior permanentmagnetmotor (IPMSM)was used as air conditioner compressor to reduce the power consumption and improve
the performance of the system. Two controlmethods includingmaximum torque per ampere (MTPA) and flux-weakeningmethods
were employed to increase the speed range of the air conditioner compressor. The present study adapted the flux weakening
algorithm technique which can be used for constant torque and constant power regions. Results indicated that the operation speed
range of the IPMSMmay increase significantly by using the proposed flux weakening algorithm.

1. Introduction

Over the past few years, the environmental problem has
grown dramatically worldwide, therefore most researcher
spend the majority of their time to developed energy efficient
motor drives for the house application and industry. In recent
decade the interior permanent magnet synchronous motor
(IPMSM) has become the most useful drive in modern speed
control [1]. The IPMSM is becoming popular because of its
beneficial features such as high power factor, high power den-
sity, and fast dynamic response [2–4].

Many researchers published in simulation,modeling, and
also analysis of IPMSMdrive for control and determining the
speed of an IPMSM [5, 6]. One of the major applications of
IPMSM is air conditioner [7]. As the air condition is high
power consumption, permanent magnet motor can reduce
power consumption and consequently reduce the energy bills
[8]. The IPMSM saves up to 50% of the energy for air con-
ditioners [9]. The air conditioner units often used by house-
holds and small business buildings include a condenser fan,
an air handler fan, and a compressor. The compressor con-
sumes 80%of the total inverse, 20% for two fans of total power

under normal operating conditions. Therefore, IPMSM for
air conditioner compressor that pumps up to 3.7KWhas been
used as an industrial standard of the world air conditioner
manufacturing like Mitsubishi, Toshiba, LG, and Samsung
[10].

The principle of energy efficient air condition system is to
use variable speed drive to keep the temperature of area at
desired temperature. Several different methods have been
used to develop an efficient speed controller for IPMSM.

Rahman et al. (1998) have reported a flux-weakening
mode based torque controller of IPMSM drive for operation
on the exceeding base speed.The drive has not been tested for
variable speed operations [11].

Hoque et al. (2002) have proposed a vector control strat-
egy based on maximum torque per ampere (MTPA) scheme
for the IPMSM drive. They obtained the 𝑑-axis command
current from 𝑞-axis command current by use of a Taylor
series expansion. A PI-based controller has been used [12].

Hossain et al. (2004) have reported simplified algorithm
for flux-weakening speed control of IPMSM drives above the
base speed. They presented the new approach for operating
the IPMSM above the base speed. They have been derived
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and incorporated nonlinear expressions of 𝑑-axis and 𝑞-axis
currents in a practical form for the flux-weakening strategy
to solve the problem due to examine calculation requirement
of the digital signal processor (DSP). They simplified expres-
sions of 𝑑-axis and 𝑞-axis currents by using curve fitting
method. The control algorithm for IPMSM drive system is
efficient enough to operate in unload and full loading condi-
tions [13].

Uddin and Abera (2009) have developed a model based
efficiency optimization control algorithm for vector-con-
trolled IPMSM variable speed drive. They optimized the
efficiency of IPMSM online based on minimize losses of the
IPMSM in a closed loop vector control with utilized 𝑑-axis
armature current. They tested performance of the proposed
optimization algorithm that has in both simulation and
experiment on different operating conditions [14].

Meyer and Böcker (2006) have presented a concept for
optimum control strategy of interior permanent magnet syn-
chronous motors (IPMSM) drive in the constant torque
region when the speed is lower than rated speed as well as
above rated speed when the motor is working in the flux-
weakening region. They also described the modeling of the
IPMSM, loss minimal operation of an IPMSM considering
current and flux constraints. They divided the operation
region of the IPMSM into threemain regions, constant torque
range, partial field weakening ranges and full field weakening
range.They provide the optimal𝑑 and 𝑞 axes current set point
for a reference torque and flux limit.The study shows that the
torque from theMTPF control is bigger than torque from the
MTPA control scheme at the same speed in the above rated
speed region. They utilized look-up table as a base where the
saturation effects can be considered. They have investigated
the response of the drive using theory [15].

Vaclavek and Blaha (2008) have investigated an analytical
solution of the maximum torque per flux strategy for IPMSM
drive at the wide speed range. They revealed that in high
torque demand when motor worked in the low speed region,
the control will be influenced by the stator current, but in the
high-speed region the drive control will be affected more by
the stator voltage limitation than current. They developed a
new algorithm with adaptability to various drives that was
built from the knowledge of the drive electrical parameters.
They find out the proper calculation procedure for stator cur-
rent components which can apply to the control system in a
wide speed range [16].

2. Mathematical Model of IPMSM

The following assumptions are taken before the IPMSM that
model is developed in order to utilize the less complex linear
behavior of the electrical system.

(a) Balanced three-phase stator windings are assumed.
(b) Saturation is neglected.
(c) The induced EMF is sinusoidal.
(d) Hysteresis losses and eddy currents are negligible.

Based on assumptions,mathematicalmodel of the IPMSM
can be derived from the standard model of the synchronous

motor by removing the equation related to the field current
and other associated terms because in the IPMSM the field
excitation is provided by permanent magnets instead of a
wire-wound dc rotor field [17]. The mathematical model is as
follow:
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where 𝜓
𝑎𝑚
, 𝜓
𝑏𝑚
, and 𝜓

𝑐𝑚
are the 𝑎, 𝑏, and 𝑐 phase stator

flux linkages and the 𝜓
𝑚
is the constant flux supplied by the

permanent magnets, and 𝜃
𝑟
is the rotor position angle.

The total air gap flux linkage of the three phases is the
summation of the flux linkages due to the self-inductance
of the corresponding phase current, the mutual flux linkages
due to currents in the other phases, and the flux linkages in
the three-phase stator winding due to PM of the rotor.The air
gap flux linkages of the three phases are given as [17]
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where 𝜓
𝑎
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are the air gap flux linkages; 𝐿
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respectively. Now, the voltage equations of each phase of the
IPMSM can be described as follows. In order to model the
fields produced by the stator windings in terms of windings
current,
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where 𝑉
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are the three-phase voltages, 𝑖
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three-stator phase resistances. The Equation (3) can also be
expressed in matrix form as below [17]:
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where 𝑝 is the time differential operator (𝑑/𝑑𝑡). In order to
avoid complexity of calculation, all of the equations can be
transformed to the synchronously revolving rotor reference
frame, so that the machine equations become independent of
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the rotor position.The core of field oriented control (FOC) is
the projection of a three phases (𝑎, 𝑏, and 𝑐) time- and speed-
dependent system into two coordinates (𝑑, 𝑞) time-invariant
system. Choosing a (𝑑, 𝑞) framewhere the 𝑑 axis has the same
direction of rotor magnet flux 𝜓

𝑀
, it is possible to verify that

the produced electromagnetic torque is proportional to the
magnet flux and the quadrature-axis stator current compo-
nent (torque-producing stator current 𝑖

𝑞
). These transforma-

tions can be accomplished in two steps [18]. First V
𝑎
, V
𝑏
, and V

𝑐

will be transformed from the stationary 𝑎-𝑏-𝑐 frame into the
stationary 𝑑-𝑞 frame and then from the stationary 𝑑-𝑞 frame
to the synchronously rotating 𝑑

𝑟-𝑞𝑟 excitation frame. The
transformed phase variables in the stationary 𝑑-𝑞-0 axis can
be written in matrix form as [17]
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The corresponding Park’s transformation is
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where 𝑋
0
is the zero-sequence components. The matrix 𝑋

may represent either voltage or current. The rotor angle or
rotor position is given by
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The mechanical torque of IPMSM can be represented by
[19]
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where 𝜓
𝑚
is the permanent magnet flux linkage, 𝐿

𝑑
, 𝐿
𝑞
are

inductance components of stator winding, 𝐼
𝑑
, 𝐼
𝑞
are current

components, and 𝑝 is the number of pole pairs.

3. Methodology

Due to the nonlinear nature of IPMSM, both the magnitude
and the angles of the current vectors need to be controlled.
For this reason, the traditional scalar control is not suitable

for high performance drive applications of IPMSM, but vec-
tor control technique will be an appropriate choice. The vec-
tor control scheme incorporating the speed controller and the
current controller is used for the IPMSMdrive.Vector control
scheme is used in the proposed flux-weakening algorithm for
speed control of IPMSMdrive to decouple the torque and flux
generating currents. Thus providing faster and smoother
transient responses.

3.1. Principle of Drive System. The IPMSMdrive for high per-
formance application consists, basically, of four main parts:
the electrical motor, three-phase inverter, the vector con-
troller, and speed controller.The present study used the feed-
back control in order to force the motor to follow the com-
mand speed in vector controller scheme.The feedback will be
consisting of the actual motor current and the rotor angular
position. According to the ALC20CNmodel of wall mounted
series from Acson’s air conditioner, the compressor power is
1587W so:

The electrical motor is a 230 volt, 1.65 kW IPMSM with
1200 rpm rated speed.Thismotor has 6 poles and salient rotor
[20].

The three-phase inverter is a voltage source inverter
(VSI), controlled by pulse-width modulation. The pulse-
width modulation (PWM) forces the motor to follow the
command speed forces by the actual motor currents to follow
the command currents as closely as possible.

The speed controller generates the torque command from
the command speed (error between command and actual
speeds). It also computed the normalized flux value with
speed of themotor in order to perform a flux-weakening con-
trol.

The torque from speed controller feed the vector con-
troller, the command currents 𝑖
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𝑑
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are generated from
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by using the reverse Park’s transforma-

tion. From the difference between these command currents
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, and 𝑖
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) and the actual motor currents (𝑖

𝑎
, 𝑖
𝑏
, and 𝑖

𝑐
),

the appropriate operating gating signals are calculated for the
3-phase voltage source inverter due to the pulse-width mod-
ulation. An optimal control is minimizing the line current
amplitude for the required torque when the nominal flux is
needed.The vector controller also changed the phase and the
amplitude of the currentwhen a flux-weakening is required in
order to extend the torque-speed operating range.

The conventional proportional integral (PI) controller is
chosen in this study because its simplicity and fast response
characteristics, although it pronounced sensitivity and fixed
gain. Figure 1 describes a complete indirect vector control
scheme for VSI-fed IPMSM drive [21].

3.2. Vector Control of IPMSM. The vector controller tech-
nique is an effective approach for control of AC motors in
high performance drive application.The IPMSM control will
become easy as DC motor by a decoupling control known
as vector control (field oriented control). The vector control
detaches the torque component of current and flux of the
motor. Based on the vector control (VC) method, induction
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Figure 1: Block diagram of complete vector controlled VSI-fed IPMSM drive.

motor and synchronous motor can be control easily like sep-
arately excited AC motor by changing the orientation of
magneto motive force (MMF) of stator or current vector that
linked to the rotor flux. The constant torque and flux-weak-
ening are the control options that we utilized in this study.
These options have physical limitation in the inverter, and the
motor related to the speed when the constant torque opera-
tion finishes and the flux-weakening starts. Figure 2 indicates
the proportional between torque and speed in the constant
torque operation and the constant power operation regions.

3.3. Constant Torque Operation. Due to limitation of the
inverter such as output voltage, output current, and power
capacity in the motor drive assume that the 𝑉

𝑠max is allowable
maximum phase voltage and 𝐼

𝑠max is allowable maximum
value of the line current. Thus, this study has [23]
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[22].

The torque is given by
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Equation (11) indicates that the torque is depending on the
motor current for fast transient response and low loss in the
case where 𝐼

𝑟

𝑑
is not equal to zero.Thus theMTPA control is a

good choice [22]. The basic principle of MTPA is that it min-
imized the line current amplitude for giving the maximum
torque. For the MTPA control below the base speed, the 𝑖
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Figure 3 describes the trajectory of the MTPA and field
weakening operation of IPMSM. The blue curve illustrates
the maximum torque per ampere (MTPA) features, the blue
dashed curve betweenpointsA−B is themaximum torque per
flux (MTPF) features, and the black hyperbolas, green ellip-
ses, and red circles are torque, stator voltage limitation and
current limitation, respectively.

The lowest distance of constant torque curve is the collide
point of the constant torque curve with theMTPA curve from
the origin point (0, 0). Achieving the desired torque with the
lowest current needs to track the MTPA curve. When the
motor speed that increases the rotor core becomes satu-
rated to produce torque, the capability of the motor torque
decreases rapidly. Thus flux control will become necessity
even in the constant torque region to achieve maximum
torque.

3.4. Flux-WeakeningOperation. Due to the effect of the𝑑-axis
armature reactance on flux-weakening in IPM synchronous
motor, the flux-weakening mode in the constant power oper-
ation can be utilized to control the IPM synchronous motor
at high speed drive application. In the constant power region
(above the rated speed), the motor operates with rated flux
linkages where the ratio between the induced electromotive
force (emf) and stator frequency (𝑉/𝑓) is maintained con-
stant. As DC voltage source that supplies the inverter is fixed,
the 𝑉/𝑓 ratio is reduced when the frequency goes above the
rated frequency [19].

As depicted in Figure 3, the intersection point of voltage
limit curve with constant torque gives the minimum current
point to produce the required torque, and also Figure 2 illus-
trates that the torque produced at above rated speed region
due to the MTPA technique is less than the torque produced
by the flux-weakening technique.

The rotor flux of IPMSM is generated by permanent mag-
netwhich cannot be changed directly.Therefore, the principle
of flux-weakening control of IPMSM is used to reduce air
gap flux by increasing the negative direct axis of currents.The
flux will be reduced equivalently due to reducing air gap flux
and achieves the purpose of flux-weakening control [24].

The IPMSM torque is depending on the 𝑑-component of
the stator current which is affected by the field weakening.
The mechanical torque produced by IPMSM in the steady
state can be described in (8) [19].

Vaclavek and Blaha (2008) found simplified algorithm
for flux-weakening speed control of IPMSM drives above the
base speed based on the coordinate system transformation
from the stator current 𝐼
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𝑞
plane to the stator voltage 𝑉
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plane. They identified an approach which is easily adapted
to control drive by using the actual parameters, and also it
requires low calculative power.
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Figure 3: Field weakening characteristics [23].

According to this approach the steady-state current can
be appraised from (8) in the terms of the stator voltage and
currents can be calculated as
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and thus
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+
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𝑉
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𝜔
𝑟𝑒

𝐿
𝑞

)

2

]
]

]

2

.

(17)

Figure 4 indicates the block diagram of the purpose of
flux-weakening computation; according to this block dia-
gram the principle of field weakening scheme occurs when
the stator voltage reaches the limit value. The stator voltage
from√𝑉2

𝑑
+ 𝑉2
𝑞
will be compared with the maximum allowed

stator voltage 𝑉
𝑠max.Then the difference between the two data

will be pass through the PI controller, and the output of the
controller is the 𝑖

𝑑
set point. The PI controller block provides

the flux modification stator current component. 𝐼
𝑑
is com-

puted by (16), while the 𝑖
𝑑
constraints are 𝐼

𝑑
∈ ⟨𝐼
𝑑

; 0⟩ andwith
respect to machine electrical angular speed [23].

3.5. Mathematical Model of Air Conditioner. Equation (18)
describes the mathematical model for air conditioner, where
𝜂 is an efficiency, 𝑚-dot is mass flow rate, 𝜔 is speed of
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Figure 4: Block diagram of field weakening computation [22].
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motor, 𝑇 is compressor torque, and ℎ
4
and ℎ

1
are enthalpy

related to the output temperature and references temperature,
respectively [25] as follows:

𝜂 ∗ (𝜔 ∗ 𝑇comp ) = 𝑚dot (ℎ
4

− ℎ
1
) . (18)

The block diagram of (18) in MATLAB is shown in Figure 5.
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Figure 7: Maximum speed with proposed flux-weakening control.

As depicted in Figure 5 at the first step, the temperature
converts fromCentigrade to Kelvin, and then the output con-
verts to enthalpy due to the look up table, after that the result
of multiplication of the difference between two enthalpies at
maximum flow rate (maximum flow rate is directly depends
of blower speed) is divided to the result of multiplication of
efficiency at compressor torque to find the reference speed of
motor.
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Figure 8: (a) Result of IPMSM drive with conventional 𝑖
𝑑

= 0 controller. (b) Result of IPMSM drive with proposed flux-weakening control.

This references speed of motor can be used as input of
propose IPMSM motor drive. The motor stator current, the
rotor speed, the electromagnetic torque, and the DC bus volt-
age can be clearly seen on the scope.

4. Result

4.1. Maximum Speed. The IPMSM operated with two differ-
ent speed control system, in order to find themaximum speed
over the based speed (1200 rpm). The simulation result of
general 𝑖

𝑑
= 0 control and flux-weakening control systems

shown in Figures 6 and 7, respectively, in load of 2Nm con-
ditions. In order to run the motor over the based speed, the
command speed, specified at 1700 rpm. According to Figure
6, the maximum speed is 1252 rpm with the general 𝑖

𝑑
= 0

control, while as shown in Figure 7 the maximum speed
with flux-weakening control can reach 1700 rpm. Results are
presented below.

Figures 6 and 7 illustrates the actualmotor speed ability to
follows the command speed which it is not acceptable in the
case of 𝑖

𝑑
= 0 and it can be reach to 1700 rpm in the case of

proposed flux-weakening control.
Due to limitation of speed in real motor, the 1350 rpm

(12.5% above the synchronous speed of motor) is selected as a
maximum speed for simulation. Three conditions have been
tested on the proposed IPMSM drive system; sudden change
in load, sudden change in speed, and ambient parameter vari-
ations.

4.2. Sudden Change in Speed. Figures 8(a) and 8(b) show the
simulated responses of IPMSM drive with proposed control
method, in the case of speed changing step by step.

In Figures 8(a) and 8(b), initially a step input of speed
from zero to 400 rpm is applied to both two control systems
with a load of 2Nm. In the second step at 𝑡 = 0.7 s, the com-
mand speed is increased from 400 rpm to 1350 rpm, while a
constant load is applied. In the next step at 𝑡 = 2.2 s, the com-
mand speed is decreased from 1350 rpm to 1000 rpm. Finally,
the command speed is decreased from 1000 rpm to 750 rpm.
Figures 8(a) and 8(b) show the speed response, torque
response, stator current, and DC bus voltage of the IPMSM
drive with the conventional 𝑖

𝑑
= 0 controller and proposed

flux-weakening controller, respectively.
It can be clearly seen from Figure 8(a) that the system is

be able to follows the command speed, but it cannot reach
1350 rpm. The undershoot/overshoot and steady-state error
exhibit electromagnetic torque, and stator current is not
acceptable. As was shown in Figure 8(b), the speed response,
torque response, stator current, and DC bus voltage of the
IPMSM drive with proposed flux-weakening controller are
acceptable for high performance drive application.

4.3. Variation in Load. Figures 9(a) and 9(b) show the simu-
lated responses of IPMSMdrivewhen the load changed below
and above the based speed.

In Figures 9(a) and 9(b), initially a step input of speed
from zero to 400 rpm is applied with a load of 1Nm, and then
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Figure 9: (a) Result of IPMSM drive with conventional 𝑖
𝑑

= 0 controller. (b) Result of IPMSM drive with proposed flux-weakening control.

at time 𝑡 = 0.8 s the load is increased from 1Nm to 3Nm. In
the second step at 𝑡 = 0.7 s, the command speed is increased
from 400 rpm to 1350 rpm, while a constant load of 3Nm is
applied. Again at 𝑡 = 1.2 s, the load is decreased from 3Nm
to 1Nm. In the next step at 𝑡 = 2.2 s, the command speed is
decreased from 1350 rpm to 1050 rpm. Again at 𝑡 = 2.3 s, the
load is increased from 1Nm to 3Nm.

Finally, the command speed is decreased from 1050 rpm
to 750 rpm. Figure 9(a) shows the speed response, torque
response, stator current, and DC bus voltage of the IPMSM
drive with the conventional 𝑖

𝑑
= 0 controller. Figure 9(b)

exhibits the speed response, torque response, stator current,
and DC bus voltage with proposed flux-weakening control.

It can be clearly seen from Figure 9(a) that the speed and
torque responses for the conventional controlled in the case
of variation in load are not also acceptable. According to
Figure 9(b), the overshoot/undershoot response of all param-
eter is suitable for driving the motor over the rated speed.

4.4. Variation inAmbient Parameters. Thereferences temper-
ature has restrictions between 16 and 29 degrees centigrade
(∘C) for wall mounted.

The reference speed of motor calculates is based on (18)
due to alternating on reference temperature and rate of load.
Figure 10 describes the speed response, torque response,

stator current, and DC bus voltage with proposed flux-weak-
ening control.

In Figure 10, initially the 29∘C as a reference temperature
is applied with a load of 2Nm that means the speed goes up
from zero to 492 rpm. In the second step at 𝑡 = 0.7 s, the com-
mand speed is increased from 492 rpm to 1350 rpm (selected
the 16∘C as a reference temperature), while a constant load of
2Nm is applied. Figure 10 indicates that during change the
temperature from 29 to 16∘C, the references speed will be
increased to 1450 rpm due to (18), but the maximum speed is
1350 rpm, because of the maximum andminimum references
speed which is defined as 1350 and 300 rpm, respectively, in
MATLAB simulation. After that, at 𝑡 = 0.8 s, the load is
increased from 2Nm to 3Nm. So the speed goes down to
966 rpm. Again at 𝑡 = 1.2 s, the load is decrease from 3Nm to
1Nm, and the speed goes up to 2900 rpm, while the reference
speed remains at 1350 rpm. In the next step at 𝑡 = 2.2 s, the
command temperature is increased from 16∘C to 21∘C, and
the command speed drops to 2100 rpm while the references
of motor still remain at the 1350 rpm due to speed limitation
of motor. Again at 𝑡 = 2.3 s Nm the speed goes down to
700 rpm due to the increase of load from 1Nm to 3Nm.
And finally, the command speed is decreased from 700 rpm
to 484 rpm (selected the 25∘C as a reference temperature).
Result of simulation presented on Figure 10 indicates that
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Figure 10: Result of IPMSM drive with proposed flux-weakening
control for air conditioner.

undershoot/overshoot and steady-state error of the flux-
weakening control system is acceptable for proposed air con-
ditioner system.

5. Conclusion

The present study revealed the validity of the control system
in different dynamic operating conditions which is applied to
drive the IPMSM over the rated speed. Finding of this study
indicated that the operation speed range of the IPMSM may
be increased significantly by using the proposed flux-weak-
ening algorithm.

In this study the performance of the IPMSM as air condi-
tioner compressor has been investigated with using the max-
imum torque per ampere (MTPA) and flux-weakening (FW).
MTPA is applied to the systemwhen the compressor operates
at based speed and below (constant torque region); FW
applied to the system when compressor operates at constant
power region (above base speed). The proposed flux-weak-
ening has been simulated along with a convectional MTPA
(𝑖
𝑑

= 0) for comparison purpose.
The developed flux-weakening control algorithm con-

cludes the optimum 𝑑-axis current of the system for a torque
command and given speed with good response and slightly
torque ripple. The control system has been tested at different
operating conditions: unexpected load change, command
speed influence, and ambient parameter change. The pro-
posedmethod has also been compared with the conventional
𝑖
𝑑

= 0 control scheme.The proposed control system has been

found to be robust, efficient for air conditioner with quickly
response to speed changes and precise.
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