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Sensorless Control of IPMSM with a Simplified High-Frequency Square 
Wave Injection Method

Ahmadreza Alaei*, Dong-Hee Lee**, Jin-Woo Ahn† and Sayed Morteza Saghaeian Nejad*

Abstract – This paper presents a sensorless speed control of IPMSM (Interior Permanent Magnet 
Synchronous Motor) using the high-frequency (HF) square wave injection method. In the proposed HF 
pulsating square wave injection method, injection voltage is applied into the estimated d-axis of rotor 
and high-frequency induced q-axis current is considered to estimate the rotor position. Conventional 
square wave injection methods may need complex demodulation process to find rotor position, while 
in the proposed method, an easy demodulation process based on the rising-falling edge of the injected 
voltage and carrier induced q-axis current is implemented, which needs less processing time and 
improves control bandwidth. Unlike some saliency-based sensorless methods, the proposed method 
uses maximum torque per ampere (MTPA) strategy, instead of zero d-axis command current strategy, 
to improve control performance. Furthermore, this paper directly uses resultant d-axis current to detect 
the magnet polarity and eliminates the need to add an extra pulse injection for magnet polarity 
detection. As experimental results show, the proposed method can quickly find initial rotor position and 
MTPA strategy helps to improve the control performance. The effectiveness of the proposed method and 
all theoretical concepts are verified by mathematical equations, simulation, and experimental tests.

Keywords: IPMSM(interior permanent magnet synchronous motor), Sensorless control, Square wave 
voltage injection, Rotor position estimation, MTPA(maximum torque per ampere), Magnet polarity 
detection

1. Introduction

Nowadays, permanent magnet synchronous motors 
(PMSMs) are used widely in many applications and 
industries due to some merits such as high efficiency, 
high torque density, and fast dynamic response to load 
disturbance conditions. To achieve every PMSM capabilities, 
it is necessary to know the accurate rotor position, and 
therefore utilization of the position sensors such as encoders
or resolvers is unavoidable. However, the position sensors 
not only increase the cost, but they also simultaneously 
increase the system weight, volume, drive circuit complexity, 
and decrease the whole system reliability. Therefore, 
sensorless control of PMSM has been researched and 
investigated over many years [1-4].

Basically, the sensorless drive algorithms can be divided 
into standstill and low-speed operation methods according 
to machine saliency and medium and high-speed regions 
based on the Back-Electromotive Force (BEMF). A lot of 
BEMF-based sensorless techniques are used mostly in the 
middle and high-speed regions, such as model reference 
adaptive system (MRAS), sliding mode observer (SMO), 

and extended Kalman filter (EKF). However, these 
methods become useless in the standstill-low speed regions 
due to the lack of BEMF at zero/low-speed values [5-8]. 
The BEMF based sensorless methods can be used for all 
types of PMSMs, including surface mounted permanent 
magnet synchronous motors (SPMSM) and interior 
permanent magnet synchronous motors (IPMSM) in the 
medium and high-speed range. On the other hands, for 
standstill and low-speed region, some High-Frequency 
(HF) signal injection sensorless techniques based on the 
machine saliency have been investigated [1, 5, 8-15]. It 
is proven that the rotor position information can be 
extracted from the negative sequence carrier current or 
zero sequence carrier voltage due to the high-frequency 
injection voltage on the stator windings [11, 16-18]. The 
resultant carrier current or voltage of the HF injection 
methods is a function of the machine saliency values and 
rotor position error. So, these techniques can be used for 
IPM synchronous machines which have inductance 
saliency and its performance degraded for SPM types. 

HF signal injection methods in terms of injection signal 
shape are classified into sinusoidal wave injection and 
square wave injection methods. Sinusoidal voltage injection
methods are classified into three popular methods: rotating 
signal injection in the stationary reference frame, pulsating 
signal injection in the estimated synchronous reference 
frame, and anti-clockwise pulsating injection in the 
estimated synchronous frame which rotates in reverse at 
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twice of the rotor electrical speed [19]. It is proven that HF 
pulsating injection methods based on carrier current sensing
have more advantages compared to the rotating injection, 
in terms of bandwidth enhancement and stability [20]. Also, 
it is proven that HF injection method based on zero 
sequence voltage is independent to the injection frequency, 
which results in higher injected frequency and bandwidth 
enhancement [8]. The anti-clockwise pulsating injection 
method based on zero sequence voltage sensing is more 
suitable because the advantages of the zero sequence voltage
sensing method are combined with the pulsating injection 
method [21, 22]. However, in order to measure the zero-
sequence voltage, one extra A/D converter channel and an 
access to the machine neutral point are necessary [14, 23]. 

Although HF sinusoidal injection methods are easier to 
implement, these methods suffered from low-frequency 
injection due to limited PWM frequency to make the HF 
sinusoidal wave [12]. In contrast, the square wave signal 
injection methods have the capability to increase the 
injection frequency which results in the bandwidth 
enhancement since there are no bandpass and low pass 
filters [8]. Although the square wave injection methods 
have more benefits compared to the sine wave injection 
types, these methods increase iron losses and acoustic 
noises due to an increase in voltage amplitude when high-
frequency injection signal is required [19]. Furthermore, 
conventional square wave injection method may need a 
complex demodulation process done in a very short time 
to find the rotor position which may be sensitive to the 
current measurement noise [8, 11, 12].

This paper presented a high-frequency square wave 
signal injection technique based on current sensing method 
and maximum torque per ampere strategy (MTPA) which 
increases the bandwidth of HF signal injection based 
sensorless algorithms, due to the utilization of square wave 
injection. In this method, the required phase currents are 
measured at the PWM time interval, in which the ADC unit 
is synchronized with the PWM unit. The maximum torque 
per ampere strategy based on the q-axis current command 
and electrical torque equation is also used to improve 
control performance. Moreover, a simple technique is used 
to find the magnet polarity which is important in the 
initial state of PM machine. The theoretical concept of 
the proposed HF injection method is described firstly. 
Then, the performance of the proposed method is 
evaluated in MATLAB and through experiment tests. A 
prototype IPM synchronous motor is used to verify the 
effectiveness of the proposed sensorless algorithms in the 
experiment.

2. Analysis of High-Frequency Injection Method

2.1 Mathematical model of IPMSM 

The dynamic model of an IPMSM can be described as,

�
v�
v�
� = 	 �

r� + L��p −ω�L��
ω�L�� r� + L��p

� �
i�
i�
� + �

0
ω�ψ�

� (1)

where �� is the phase resistance and��� , ��� are d-q self-
inductances of the stator windings respectively. p is the  
derivative operator and 	��is the permanent magnet flux.  
	�� , �� 		and		�� , ��   are d-q stator voltages and currents in 
the synchronous reference frame, respectively. ωe is the 
rotor electrical velocity. For high-frequency injection based 
sensorless methods at stand-still and low-speed regions, 
BEMF can be neglected and cross-coupling term is also 
small thus it can also be ignored. With these assumptions, 
Eq. (1) can be simplified and presented as an inductive 
load equation [19]-[10]

�
v�
�

v�
�
� = 	 �

X�
� 0

0 X�
�
� �
i�
�
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�
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where index ℎ denotes the “High-Frequency.”

2.2 Pulsating SIGNAL INJECTION MODEL

Fig. 1 shows the pulsating square wave voltage injection 
techniques in two-axis coordinate. �� − �� indexes indicate 
the estimated synchronous reference frame, � − �	indexes 
indicate the actual synchronous reference frame, and 
� − � indexes denote the stationary reference frame. The 
θ� and ��� are the actual and estimated electrical rotor 
position, respectively. In PMSM, d-q flux linkages in the 
stationary reference frame can be written as,

�
λ�
λ�
� = 	 �

L��� + L��� cos 2θ� −L��� sin2θ�
−L��� sin 2θ� L��� − L��� cos2θ�

� �
i�
i�
�

(3)

where 	���� =	
�������

�
		 , ���� =	

�������

�
are average and 

differential inductances, �� , �� and �� , �� are currents and 

flux linkages in the stationary reference frame, respectively.
The high frequency α-β current components can be 

driven from (3) and described as,
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d
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q

Fig. 1. Coordinate reference frame for HF pulsating square 
wave injection in the estimated synchronous 
reference frame



Ahmadreza Alaei, Dong-Hee Lee, Jin-Woo Ahn and Sayed Morteza Saghaeian Nejad

http://www.jeet.or.kr │ 1517

h
β

h
α

i

i

é ù
=ê ú

ë û ( )

h
βsum dif e diff e

h
dif e sum dif e α

λL L cos2θ L sin2θ1

L sin 2θ L L cos2θDet L λ

é ù-é ù
ê úê ú+ ê úë û ë û

(4)

where Det (L)	= 	 ����
� − ����

� . To develop the pulsating 
signal injection method in the estimated synchronous 
reference frame, Eq. (4) can be transferred to the estimated 
synchronous reference frame by using park transformation 
as,

�
i�
��

i�
��
� = �

cos 2θ�� −sin2θ��
sin 2θ�� cos2θ��

� �
i�
�

i�
�
� (5)

where ��
�� , ��

�� are high-frequency d-q current components 
in the estimated synchronous reference frame. By 
substituting (5) into (4) and doing the simplification 
process, the resultant carrier currents in the estimated 
synchronous reference frame which includes the rotor 
position information can be extracted as, 
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(6)

Eq. (6) is valid for all types of the permanent magnet 
synchronous motors, either IPM or SPM synchronous 
types. It should be noted that for SPMSM types, ���� is 
almost zero since �� and �� have the same values, 
approximately. On the other hand, high-frequency d-q 
flux linkage components in the estimated synchronous 
reference frame can be replaced by voltage equations as, 

�
λ�
��

λ�
��
� = 	�(�

v�
��

v�
��
�)dt (7)

where ��
�� , ��

�� are the injected voltage in the estimated 
synchronous d-q axes and∫()dt	 indicates the integration 
operator. By instituting (7) in (6), the basic equation for 
high frequency pulsating injection method is concluded as, 
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det	(L)
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�)dt	

(8)

Eq. (8) can be used for both of sinusoidal voltage 
injection and square voltage injection methods. To evaluate 
the validity of Eq. (8), it is analyzed as an example for
pulsating sinusoidal voltage injection method. For 

sinusoidal pulsating injection method, the injected voltage 
in the estimated d-axis is as shown in [16],

�
v�
��

v�
��
� = 	 v�		 �

0
cosw�t

�			 (9)

By substituting (9) into (8), the difference between the 
actual rotor position and the estimated rotor position can be 
extracted from the resultant q-axis current as,

�
i�
��
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��
� =

v�	L���
w� det(L)

	�
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v�L���
w�det	(L)

�
−cos(2θ� − 2θ��) sin(2θ� − 2θ��)

sin(2θ� − 2θ��) cos(2θ� − 2θ��)
� �

0
sinw�t

�

(10)

Therefore, from (10) it can be driven that,

i�
�� =

v�	L���
w�	det	(L)

	sin 	(2θ� − 2θ��) sinw�t (11)

By using the demodulation process and low pass filter, it 
concludes that,

I�
�� = LPF(i�

�� ∗ 2 sinw�t) =
v�	L���

w� det(L)
sin( Δθ) (12)

where	�� = 2(�� − ���). It is proven that Eq. (12) is valid 
for HF sinusoidal pulsating injection method in the 
estimated synchronous reference frame [15]. Then, the 
position error function, i.e., 	��

�� , is inserted into the rotor 
position observer and the rotor position can be extracted.

3. Proposed Pulsating Square Wave Signal 

Injection Method

3.1 Sensorless position estimation 

Although sinusoidal HF signal injection methods are 
easy to implement, these methods suffered from a low-
frequency injection because the PWM switching frequency 
is limited [8]. In this section, the principle of the proposed 
square wave injection method is illustrated and the MTPA 
algorithm is also described. Square wave pulsating 
injection method can be implemented by using a square 
wave voltage instead of sinusoidal voltage signal as,

�
v�
��

v�
��
� = 	 v�		 �

0
	+1

�			 (13)

Through substitution of (13) into the basic Eq. (8), the 
basic equation for the square wave voltage injection can be 
obtained as,
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where +� in (14) is produced by the integration operator. 
By considering the q-axis current as the induced carrier 
current, the rotor position information is extracted as, 

⎩
⎨

⎧ i�
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	det	(L)
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� < 0

(15)

By considering the injected voltage as shown in Fig. 2, 
Eq. (15) can be written as, 

⎩
⎨
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T�
2
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(16)

where �� is the sampling period of the injection voltage. 
The carrier induced currents in (16), which are used for 
rotor position estimation, have derivation process which 
increases the time processing consumption for 
demodulation. Besides that, the derivation of the carrier 
current is sensitive to the current measurement noises 
when the time interval is very short [8]. However, the 
proposed method uses the differentiation operator only at 
the specified points of PWM period.  From � = 0 until �

= 
��

�
  , the positive voltage is applied to the estimated d-

axis. Using a differentiation operator at the falling edge of 

the injected voltage, (16) can be written as,

Δi�
�� = i�

�� �t =
T�
2
	� − i�

��(t = 0)

									≈
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	det	(L)

1

Ti/2
sinΔθ .
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2
	

(17)

From t = 
��

�
  until t =��, the negative voltage is applied 

to estimated d-axis, therefore ����
� is calculated at the 

rising edge of the injected voltage and it is calculated as,

Δi�
�� = i�

�� �t =
T�
2
	� − i�

��(t = T�)		

									=
v�	L���
det(L)

1

Ti
2

sinΔθ . (
T�
2
)

(18)

It should be noted that (17) is obtained at the falling 
edge of the injected voltage and (18) is also calculated at 
the rising edge of the injected voltage. Moreover, the rising 
and falling edge of the injection voltage in the sensorless 
algorithm is already known and is not necessary to detect. 
Therefore, the q-axis current difference can be calculated 
easily when the positive or negative voltage is injected to 
the estimated d-axis.

As can be seen from (17) and (18), the difference of HF 
q-axis current,	����

� , is proportional to the rotor position 

error without considering the sign of the injected voltage or 
any extra demodulation process, which results in a fast 
calculation of the position error. In almost all motor drives, 
the current sampling frequency of the ADC converter is 
synchronized with the PWM switching frequency. If 

�� = 2����� and 1 =
��	����

���(�)

�
��

�

, then (17) and (18) can be 

simplified as,

�
Δi�

�� = k1. Δθ. nT���								0 < t < nT���	

Δi�
�� = k1. Δθ. nT���			nT��� < t < 2nT���

(19)

where TPWM is the PWM time interval and � is the number 
of PWM cycle in one �� period. It should be noted that 
the position error function, 	sin�� , is equal to ��
approximately when the position error is small enough. So, 
for positive rotor position error (�� > 0) , it can be 
concluded that,

⎩
⎪
⎨

⎪
⎧

���	0 < t < nT���,

Δi�
�� = k1. |Δθ|. nT��� > 0								, v��

� > 0

���	nT��� < t < 2nT���,

Δi�
�� = k1. |Δθ|. nT��� > 0				, v��

� < 0

(20)

For negative position error ( �� < 0) , (20) can be 
rewritten as, 

Fig. 2. Injection voltage on d-axis and resultant current on 
q-axis
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⎩
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���		0 < t < nT���,

Δi�
�� = −k1. |Δθ|. nT��� < 0	, v��

� > 0

���	nT��� < t < 2nT���,

Δi�
�� = −k1. |Δθ|. nT��� < 0,						v��
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(21)

where |Δθ| is the absolute value of the position error. As 
can be observed from (20) and (21), the rotor position error 
is just a function of the carrier q-axis current difference. To 
highlight the position error function, table 1 is introduced 
based on the injected square wave voltage and the induced 
carrier q-axis current. As can be observed from the table 1, 
position error function is related to the rotor position error 
which can be inserted into the rotor position observer. 
Using rotor position observers such as PID controller or 
phase lock loop (PLL) observer, the estimated rotor 
position and velocity are extracted. 

Fig.3 shows how the rotor position and velocity are 
obtained. The high-frequency q-axis current is measured 
and synchronized by PWM switching frequency which is 
determined by coefficient �. Δiq

he is calculated at the rising 
and falling edge of the injection voltage. Utilizing a simple 
PID controller, the position error is forced to be zero and 
therefore, rotor position and velocity can be extracted.

3.2 Magnet polarity detection

Detection of the initial rotor position and polarity of the

Table 1. Rotor position error as a function of q-axis current 
difference (+refer to positive value and – vice versa)

��
Rising-Falling 

edge
���

�� Time
Position error 

function		≜ ���
��

+ ↑ + 0 < � <
��

2
+

+ ↓ +
��

2
< � < �� +

− ↑ − 0 < � <
��

2
−

− ↓ −
��

2
< � < �� −

iq
he

vd
he

Rising -
falling 
edge 

detection

Δiq
he

θe

ωe

1
S

ki
S

Kp +

Fig. 3. Electrical rotor position and speed estimation based 
on the proposed method

Low Pass 
Fil ter

Polari ty 
detection π θPlorid

time

Polr.enable

d
e

Fig. 4. Proposed magnet polarity detection at the initial 
drive startup

magnet is very important in all types of PMSM drive, 
whether it is sensorless or position sensor based drive. To 
find the initial rotor position in the standstill state, the HF 
square wave voltage is injected into the estimated d-axis of 
the rotor whereas the current commands for current loop 
controller are set to zero. Although the initial rotor position 
can be extracted by using the position estimator block
based on the proposed HF square wave injection method, 
the estimated rotor position is ambiguous at 0 and π radian 
since the motor inductance function has the same values 
at these points. Therefore, one magnet polarity detection 
algorithm should be implemented to specify the rotor 
magnet polarity.

There exist a lot of research on the magnet polarity 
detection algorithms and therefore, further magnet polarity 
identification methods can be used [24, 25]. However, in 
this paper, a simple magnet polarity detection is also 
introduced based on d-axis current measurement. It should 
be noted that the proposed method uses the square wave 
injection for both rotor position estimation and magnet 
polarity detection, resulting in a fast sensorless startup 
which is beneficial in the sensorless drive. When the 
positive injection signal is applied to the north pole, i.e 
+vdh , the resultant stator flux, i.e, PM flux and injection 
flux are gathered, which results in more stator teeth 
saturation. Meanwhile, the negative injected voltage, i.e -
vdh , results in lower stator teeth saturation. By considering 
the d-axis resultant current as a stator flux component, the 
magnet polarity can be distinguished by accumulating the 
peak value of the positive d-axis current in a certain period 
of time [13]. However, this method needs to measure the 
high-frequency d-axis current and accumulate the positive 
and negative number of the peak values, which may be 
sensitive to the current measurement noise. 

The proposed magnet polarity detection method uses the 
low-frequency component of the d-axis current which is 
shown in Fig. 4. If the electrical rotor position is located 
between 0 ~ π rad, d-axis current slightly has positive 
values. In this situation, differentiation of the d-axis current 
has a positive slope which can be used for magnet polarity 
detection. For rotor position between π ~ 2π, d-axis current 
slightly has negative values compared to the position 
0<θe<π. Also, the slope of the differentiation of the d-axis 
current is negative. This phenomenon occurred due to the 
air gap flux which is augmented when the injected voltage 
is positive in the north pole and diminished when the 
injected voltage is negative on the south pole. After the 
initial rotor position was estimated by the position 
estimation block, the polarity-enabled flag enables the 
polarity detection algorithm for the specified time. Using 
the proposed method mentioned above, the magnet 
polarity is distinguished. When the initial rotor position 
was estimated, the rotor alignment flag is set and then, 
speed loop is activated. It should be noted that the offset 
in current sensing method has a bad effect on the magnet 
polarity detection in the initial rotor finding process, 
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which is removed by using the high pass filter on the 
measured currents. Fig. 5 shows the overall control block 
diagram of the proposed high-frequency pulsating square 
wave injection method used in IPMSM sensorless drive.
Speed control loop generates the command torque which 
produces d-q axis currents references according to the 
maximum torque per ampere strategy which is described as 
follows.

3.3 Maximum torque per ampere strategy

In most high-frequency injection methods, the strategy 
of the zero d-axis current, i.e. , id

* = 0 is used to control 
the d-axis flux [8]. In [9], the authors focused on the 
magnetic saturation effect on the machine saliency, taking 
into account the chosen current control strategy. However, 
by using the MTPA strategy, the resultant torque is 
increased and the machine performance is also increased, 
consequently. In the proposed HF square wave injection 
method, a simple MTPA strategy based on the torque 
equation in IPM synchronous machine is used to improve 
the performance of the HF injection based sensorless
drive. In IPM synchronous machine, the total driven 
torque includes two components: the first one is the 
electromagnetic torque caused by the rotor magnetic flux 
and q-axis current interaction, and the next one is the 
reluctance torque caused by the interaction between the 
machine saliency and the d-q axis currents. Generally, 
the total driven torque in IPM synchronous motor can be 
described as, 

T� =	
3

2
p(ψ�i� + (Ls� − Ls�)i�i�) (22)

where �� is the magnet flux linkage. To obtain the 
maximum torque per ampere conditions, the stator current 
constraint is considered as, 

   
i�
� + i�

� ≤ is�
� (23)

where ��� is the rated current of the motor. The maximum 
value of the q-axis current is calculated as, 

i�
� = is�

� − i�
� (24)

By substituting (24) into (22), the torque equation can be 
described as,

T� =	
3

2
p(ψ��is�

� − i�
� + (Ls� − Ls�)i��is�

� − i�
�) (25)

To find the d-axis current in which the IPM total driven 
torque reaches to the maximum value, the derivative 

operation is declared as 
���

���
= 0	. It means that,

3

2
p �−ψ�i� + �Ls� − Ls��(is�

� − i�
�)

− i�
��Ls� − Ls��� = 0

(26)

i�
� +

ψ�

(Ls� − Ls�)
i� − i�

� = 0 (27)

Therefore, the d-axis current reference, in which the total 
driven torque has the maximum value, is calculated as,

i�
∗ =

−ψ�

2(Ls� − Ls�)
− �

ψ�
�

4(Ls� − Ls�)
�
+ i�

∗�		 (28)

where ��
∗ 	, ��

∗  are the reference d-q axis currents. By using 
the reference value of the q-axis current which is obtained 
through the speed control loop, the command value of the 
d-axis current is calculated according to Eq. (28). It is 
important to note that the d-q axis inductances, Lsd and Lsq , 

in Eq. (28) are supposed to be constant, which is only valid 
for motors operating in the magnetic linear region. So if the 
machine operates in the magnetic saturation conditions, the 
d-q axis inductances are dependent to the d-q axis currents 
and are not constant. In these conditions, the values of the 

Fig. 5. Overall block diagram of the square wave voltage injection method for IPMSM sensorless drive
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Lsd and Lsq can be obtained from different current values 
depending on the motor load condition, which can be 
measured offline and saved into a look-up table (LUT). 

4. Simulation and Experimental Results

Two processes are done to validate the theoretical 
concepts and evaluate the effectiveness of the proposed 
square wave injection method. At the first, the IPMSM 
sensorless control method is modeled and simulated in
MATLAB. In the next step, one prototype IPM machine is 
tested. To simulate the proposed square wave injection 
method, MATLAB software is utilized to simulate the HF 
signal injection based sensorless techniques for a 4-poles 
IPM machine. Fig. 6 shows how the position error function 
can be built considering the rising-falling edge of the 
injected voltage and differentiation of the q-axis current. 
As shown, for Δθ = 0, the q-axis induced current due to the 
d-axis HF injected voltage has a small amplitude close to 
zero. For the positive or negative position error, the 
amplitude of the q-axis induced current is considerable 
which can be used to generate the position error function at 
rising – falling edges of the injected voltage as mentioned 
in (17) and (18).

To evaluate the effectiveness of the proposed method, 
three commonly used HF injection methods, i.e., rotating 
sine wave injection in the stationary frame, pulsating sine 
wave injection, and pulsating square wave injection in the 
estimated synchronous frame are evaluated and compared 
with the proposed method. It should be noted that this 
comparison is done for those methods which use the carrier 
current as a function of the rotor position. Fig. 7(a) shows 
the dynamic performance of the proposed sensorless
method in comparison to another HF injection based 
method in which the speed reference is given as +30, -30, 
and 0 rpm. Here, all of the PID coefficients are kept 
constant for a proper comparison. As shown, the proposed 
square wave injection method has a good dynamic 
response in terms of speed command and it also has a 

lower position error compared to others. Fig. 7(b-c) show 
the sensorless algorithm response to the sudden load 
disturbance. Total driven torque and d-q axis current 
considering the MTPA strategy are presented in this 
figure. As can be seen in the figure, the d-axis reference 
current is approximately zero in no-load conditions, as 
calculated according to the MTPA algorithm. It means 
that the reluctance torque component is zero. When the 
load is applied to the motor, MTPA algorithm produces 
the negative d-axis reference current that results in 
positive reluctance torque, which is then added to the 
electromagnetic torque to increase the resultant torque 
output to overcome the load torque. It should be noted 
that the d-axis feedback current has a high-frequency
component due to the high frequency injected voltage on 
d-axis which can be removed by using a simple low pass 

Fig. 6. Production of the position error function using the
differentiation of the induced q-axis current

(a) Rotor speed and position error 

(b) Total driven torque

(c) d-q axis current considering the MTPA algorithm

Fig. 7. Comparison of the three commonly used current 
carrier based HF injection methods used in IPMSM 
sensorless drive with the proposed method
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Table 2. IPM motor specification

IPM parameters value unit
Pole number 6 -
Rated current 2 A

d-axis inductance 122 mH
q-axis inductance 174 mH
Phase resistance 5.1 Ω

Rated speed 3000 Rpm
Rated voltage 220 V
Rated torque 1.5 Nm

Fig. 8. Experimental test bench

filter. This figure also shows that the proposed method 
has a good performance in comparison to other methods.

To evaluate the performance of the proposed sensorless 
algorithm in a real condition, a hardware test bench is 
constructed based on a TMS320F2812 DSP board as the 
main signal processor. One intelligent power module which 
is used in the prototype inverter is FUJI 6MBP20RH. Both 
PWM frequency and current sampling frequency are set to 
8 kHz and synchronized together by the software[23]. DC 
power supply for the inverter is 310 V. 

Fig. 8 shows the experiment test bench. One AC servo 
motor is mechanically coupled to the IPM motor shaft to 
provide the necessary load. By adjusting the inverter 
operational mode to torque control mode, AC servo motor 
operates as the required load for IPMSM. To compare the 
actual rotor position with the estimated rotor position, one 
quadrature incremental encoder, 2500PPR, is mounted to 
the end of the motor shaft. The IPM motor parameters are 
specified in Table 2. Voltage magnitude and frequency of 
the injected square wave voltage is set to 20V/1kHz. To 
measure the phase currents two high accuracy shunt 
resistors, CSR2, are utilized as current sensor.

Fig. 9 shows the position error function for +Δθ, 0, and –
Δθ. First, the rotor is aligned to the actual d-axis by 
applying the vector voltage V100, which causes the motor to 
rotate and stop according to the axis of phase winding A. 
Then, HF voltage is injected into d-axis. In this position, by 
adding and subtracting the Δθ and considering the carrier 
q-axis current, the position error function can be generated. 
As can be seen in Fig. 9 the experiment result verifies the 
theoretical concepts as well as simulation result which was 
shown in Fig. 6. 

To find the initial rotor position at standstill, the 
20V/1KHz voltage is injected to the estimated d-axis at 

zero current command on d-q axis (id
* = 0, iq

* = 0). It 
should be noted that the initial rotor finding process 
consists of two processes. One for magnet polarity 
detection and another one for rotor position estimation. It 
should be noted that the rotor position near π rad is the 
maximum rotor position, at which the rotor can be located. 
Thus for rotor position which is bigger than π rad, the 
magnet polarity detection process is used to correct the 
estimated rotor position. Therefore, the initial rotor 
position can be obtained as,

�
θ�� = θ��							if	N	pole	was	found

θ�� =	θ�� + π			if	S	pole	was	found
(29)

where ��� is the estimated rotor position considering the 
rotor magnet polarity. Fig. 10 shows the carrier d-axis 
current which is used for magnet polarity detection. As 
shown, the d-axis current has approximately positive 
values when the electrical rotor position is less than π rad 
and has negative values for rotor position bigger than π. By
accumulating the values of the d-axis current for a short 
time, polarity of the magnet can be distinguished.

Unlike some conventional HF injection methods for 
sensorless control, the extra pulse voltage for magnet 
polarity detection is not needed in the proposed method. 

Fig. 9. Experimental result of the proposed method:             
production of the position error function

Fig. 10. Magnet polarity detection using the carrier d-axis 
current
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Only one injection signal is used for both of position 
estimation and magnet polarity detection, which is 
beneficial for sensorless drive startup. Fig. 11 shows the 
initial rotor position in the initial state. To evaluate the 
effectiveness of the proposed method in the initial state, 
one comparison between the pulsating sine wave injection 
and the proposed method has been performed. It should be 
noted that the pulsating sine injection based on the negative 
carrier current has more merits compared to other negative 
current based HF injection methods such as rotating 
injection and etc. [21, 22]. 

As Fig. 11 shows, when the rotor is located near π rad, 
the proposed method is able to find the actual rotor 
position quickly in less than 50ms, while for HF sine wave 
injection method, this time is increased up to 145 ms. This 
results in a faster initial startup of IMPM sensorless drive. 
It should be noted that all of control parameters such as 
PID coefficients are kept constant for both injection 
methods to have a proper comparison.

Fig. 12 shows the initial state with 0, 50 and -50 rpm as 
the speed command profile. At the first, the drive is 
disabled. By starting the rotor finding process, the initial 
rotor position is found by considering the magnet polarity. 
The speed reference is set to 0, 50, -50 rpm and the rotor is 
able to rotate at the desired speed value. Fig. 13 shows the 

estimated rotor position, velocity, and position error when 
the speed reference is increased. 

Fig. 14 shows the dynamic performance of the proposed 
method under load conditions. At the first, the speed 
reference is set to zero and at no load conditions, the speed 
reference is set to 60 rpm. The sudden load which is 
provided by the servomotor in torque mode control is 
applied to the IPM motor to evaluate the stability of the 
proposed method under the load condition. As can be seen 
from this figure, the proposed method is stable under load 

Fig. 12. Operation of the proposed method for initial rotor 
position and for 0, ± 50 rpm as a speed reference

Fig. 13. Rotor position error, when the speed reference is 
increasing from 0, 60,120 rpm

Fig. 14. Estimated rotor position, position error and phases 
current with and without load

(a) Initial rotor position estimation using HF sine wave 

(b) Initial rotor position estimation using proposed HF 
square wave injection

Fig. 11. Initial rotor position at the initial state: (a) pulsating 
sine injection (b) proposed square wave injection
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Fig.15. d-q axis current with MTPA strategy when the load 
is gradually increased

iq
*

iq
e

id
*

id
e

ibia

-2A

2A

Fig.16. d-q axis currents with MTPA strategy when the 
load is suddenly increased

Fig.17. Electromagnetic, reluctance and total torque with 
and without MTPA strategy

operation although the position error is slightly increased.
Fig. 15 and 16 show the experiment results of the 

proposed method by taken into account the MTPA strategy, 
which is implemented in the proposed sensorless algorithm. 
Fig. 15 shows the d-q axis reference and feedback currents, 
in which q-axis reference current is generated by a speed 
loop and d-axis reference current is produced by MPTA 

algorithm. In this figure, the load is applied gradually to 
the IPMSM and the d-q axis reference current is followed 
as fast as possible, which can be seen in this figure. In 
the next test, a sudden load is applied to the motor. The 
d-q axis reference currents are generated by a speed loop 
and MTPA algorithm which has been shown in Fig. 16. It 
should be noted that the d-axis current has a high-
frequency component due to the injected voltage on d-
axis, which can be reduced by using a low pass filter. 
Fig. 14, 15 and 16 verify the validity of the proposed 
sensorless algorithm based on MTPA algorithm as well 
as the simulation results in Fig. 7. Fig. 17 shows the 
electromagnetic, reluctance, and driven torque of the 
IPMSM with and without the MTPA strategy. As can be 
seen, with the MTPA algorithm, the q-axis current has 
lower oscillation that results in lower electromagnetic 
torque ripple and consequently causes lower total torque 
ripple, which increases the stability of the proposed 
sensorless method.

5. Conclusion

In this paper, a high-frequency square wave voltage 
injection method for IMPSM sensorless control has been 
presented. Carrier induced q-axis current and d-axis current 
were used for position estimation and polarity detection. In 
the simulation and experiments, the estimated rotor 
position and speed were well kept in the actual values 
under various load conditions and speed reference, by 
using a simple PID controller. Concluded benefits of the 
proposed method have been described as bellow:

In the proposed method, a simple demodulation process 
based on the rising-falling edge of the injection voltage and 
induced q-axis current was used unlike sinusoidal injection 
methods and conventional square wave injection methods, 
which resulted in less processing time and improved 
sensorless control bandwidth.

The same injection voltage was used for both position 
estimation and magnet polarity detection which resulted in 
a fast search of initial rotor position. Moreover, a simple 
technique was used to find the magnet polarity which is 
important in the initial rotor position search process.  

Instead of using the zero current command for the d-axis 
current control, MTPA algorithm based on the q-axis 
current reference and d-q axis inductances was utilized in 
order to improve the sensorless control performance. 
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