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Abstract  

 

This paper considers a carrier based signal injection method for use in the three shunt sensing inverter (TSSI) for sensorless motor 
control. It also analyzes the loss according to the injection axis of the voltage signal. To remove both the phase current and rotor 
position sensors, a sensorless method and a phase current reconstruction method can be simultaneously considered. However, an 
interaction between the two methods can be incurred when both methods inject voltage signals simultaneously. In this paper, a signal 
injection based sensorless method with the 120° OFF Discontinuous PWM (DPWM) is implemented in a TSSI to avoid this 
interaction problem. Since one leg does not have a switching event for one sampling period in the 120º OFF DPWM, the switching 
loss is altered according to the injection axis. The switching loss in the d-axis injection case can be up to 32% larger than that in the 
q-axis injection case. Other losses according to the injection axis are also analyzed. 
 
Key words: AC motor, Phase current reconstruction, Sensorless control, Signal injection, Three shunt sensing inverter 
 

I. INTRODUCTION 

Recently, inverter driven AC machines have become widely 
used in many industry home appliances such as refrigerators, 
air conditioners, and wash machines [1]. For a speed or torque 
control of an AC machine, the inverter modulates the phase 
voltage whose frequency and magnitude can be adjusted and 
this is applied to the AC machine. Here, the phase current and 
rotor position information are necessary for a high dynamic 
and efficient operation. A current transducer and a hall-effect 
sensor are commonly used in home appliances as the phase 
current and rotor position sensors, respectively. However, since 
these sensors are expensive, phase current reconstruction 
methods and sensorless controls have been studied to eliminate 
them. 

In order to replace the current transducer, phase current 
reconstruction methods with a shunt resistor have been studied 
in many papers [2]-[7]. The phase current reconstruction 
method can be implemented in a single shunt sensing inverter 

(SSSI) and in a three shunt sensing inverter (TSSI). In the SSSI, 
one shunt resistor is installed between the DC link capacitor 
and the six bridges of the inverter [4]. In the TSSI, three shunt 
resistors are installed to the bottom of the lower switches [7]. 
Since the value of the shunt resistor is known, the current 
magnitude can be calculated by measuring the voltage of the 
shunt resistor. By mapping the current magnitude with the 
switch states, the phase current can be reconstructed. Here, the 
switching state is kept for a certain minimum amount of time to 
reconstruct the current signal clearly. This minimum amount of 
time incurs an immeasurable area in the space vector, and the 
operation area of the inverter is limited. To reduce this 
immeasurable area, the minimum voltage injection method in 
the SSSI [4] and the 120º OFF Discontinuous PWM (DPWM) 
instead of the continuous PWM in the TSSI can be considered 
[7]. 

In order to replace position sensors such as a hall-effect 
sensor, sensorless methods have been studied in many papers 
[8]-[17]. The sensorless methods are classified as back-EMF 
voltage based methods and signal injection based methods. In 
the former methods, the rotor angle is calculated from the 
estimated back-EMF voltages without any voltage signal 
injection or circuit modification [8]-[12]. The estimated rotor 
angle is accurate in the high speed range but not in the low 
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speed range because of inverter nonlinearity. To overcome this 
drawback, the latter methods have been proposed [12]-[17]. 
From the rotor saliency caused by its shape or saturation effect, 
the current response by the injection voltage varies with the 
rotor angle. From this current response, the rotor angle can 
even be estimated at zero speed. Here, a high frequency signal 
is preferred for easy signal separation and rapid angle 
estimation [14], [15]. However, the injected voltage signal 
increases an audible noise and system losses. 

However, when the phase current reconstruction and 
sensorless methods inject voltage signals simultaneously, a 
signal interaction can be incurred and the estimated rotor angle 
can have errors. In this paper, the signal injection based 
sensorless method and phase current reconstruction in the TSSI 
are considered to avoid this interaction problem. Here, the 120º 
OFF DPWM is implemented as the phase current 
reconstruction method to reduce the immeasurable area. In 
addition, the injection frequency in the signal injection based 
sensorless method is maximized at the carrier frequency to 
reduce the audible noise. Even though the machine loss 
according to the injection axis has been studied in [18], [19], 
there are not many studies on the inverter loss in the signal 
injection based sensorless method. Therefore, in this paper, the 
switching loss according to the injection axis is analyzed in 
detail. Firstly, the modified voltage vectors by the d-axis and 
q-axis voltage injections are compared in a vector diagram. 
From the switching loss equation, how the operating points 
change in each case are studies. These loss analyses are 
verified with simulation and experimental results.  

A switching loss analysis of the carrier signal injection 
method in the TSSI has been introduced in [20]. In this paper, 
the possibility of the interaction problem between the phase 
current reconstruction methods and the sensorless methods are 
considered. In addition, more detailed loss analysis and 
experimental results are added based on [20]. 

This paper is organized as fallowed. In section II, the 
interaction problem between the phase current reconstruction 
methods and two types of sensorless methods are analyzed. In 
section III, the signal injection method in the TSSI is 
introduced. In section IV, the switching loss and other losses 
according to the injection axis are analyzed. Simulation and 
experimental results are shown in section V, and a conclusion 
is presented in section VI. 

 

II. INTERACTION BETWEEN PHASE CURRENT 
RECONSTRUCTION AND SENSORLESS METHODS 

The possibility of an interaction problem between the phase 
current reconstruction methods and the sensorless methods are 
listed in Table I. When the two methods are considered 
together, there is no interaction problem if one or neither 
method uses an additional voltage signal. However, it can be 
incurred if both methods use an additional voltage signal. 

In the minimum voltage injection method of the phase  

TABLE I 
INTERACTION PROBLEM BETWEEN PHASE CURRENT 

RECONSTRUCTION AND SENSORLESS METHODS 

 

Phase Current Reconstruction 

Voltage inject.  
in SSSI 

120° OFF DPWM
in TSSI 

Sensorless 
Method 

Signal inject. interaction no problem 

back-EMF no problem no problem 

 

current reconstruction algorithm in the SSSI [4], the voltage 
vector is modified so that the reference voltage vector is in the 
immeasurable area. Here, the frequency of the injected voltage 
signal for the vector modification is the carrier frequency at 
zero speed. However, since additional voltage is not injected 
when the voltage vector is in the measurable range, the average 
frequency is changed to a non-zero speed. In the signal 
injection based sensorless control, a voltage signal from a few 
hundred Hertz to kilo-Hertz are normally injected. Therefore, 
the voltage signals for the phase current reconstruction and the 
sensorless method cannot be separated clearly when the 
frequencies of the two voltage signal are close. This can incur 
an error in the rotor angle estimation because of the interaction 
between the two voltage signals. In [21], the d-axis current is 
added to move the reference voltage vector to the measurable 
area [21]. However, this additional d-axis current increases the 
total system loss and the cause of the error in the rotor angle 
estimation is not completely eliminated. In [22], phase shift 
PWM can be considered in the SSSI. Regardless of the voltage 
vector for machine control, the 120° shifted carrier generates a 
rotating signal at the carrier frequency. However, this method 
cannot adjust the level of the rotating voltage signal and it 
needs many points of current samplings.  

Therefore, this paper considers a signal injection based 
sensorless method with the 120° OFF DPWM in the TSSI. 
Since the 120° OFF DPWM in the TSSI does not use any 
voltage signal injection, there is no interaction problem when 
the signal injection or the back-EMF based sensorless method 
is considered. 

 

III. SIGNAL INJECTION BASED SENSORLESS 
METHOD IN THE THREE SHUNT SENSING 

INVERTER 

A. Pulsating Voltage Injection 

Fig. 1 shows a block diagram of the signal injection based 
sensorless method. The command of the injection voltage is 
added to the output command of the current controller. The 
PWM inverter modulates the pole voltage which represents the 
mixed two commands. The current response by the modulated 
pole voltage consists of two frequency components. One is the 
rotating frequency component for the motor drive, and the 
other is the injection frequency component for the angle 
estimation. The former component is used as the feedback 
signal of the current controller after filtering the latter 
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component. The latter frequency component is extracted with 
signal processing and it is used to estimate the rotor angle and 
speeds. 

The equation between the injection voltage and its current 
response is followed. In the low speed range, the back-EMF 
voltage is small and negligible. Therefore, the voltage equation 
at a high frequency in the rotor reference frame of a PMSM can 
be simplified as: 
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where Ld and Lq are the d-axis and q-axis inductances, and 
[ ௗ௦௛ݒ

௥ , ௤௦௛ݒ	
௥ ]T and [ ݅ௗ௦௛

௥ , 	݅௤௦௛
௥ ]T are the high frequency 

components of the d-axis and q-axis voltage and current in the 
real rotor reference frame, respectively. The current responses 
in the estimated rotor reference frame by the injection voltage 
are derived as: 
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  (2) 
where ߠ௥෩  is the angle error between the estimated and the real 
rotor angles, ΣL is (Ld + Lq)/2, ΔL is (Ld - Lq)/2, and the 

superscript ‘ r̂ ’ means the estimated rotor reference frame.    
  When the square wave voltage with a magnitude of Vinj is 
injected in the d-axis of the estimated rotor reference frame, the 
d-axis and q- axis current variations for half of the injection 
period (ΔT) are: 
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If the angle error is small, sin2ߠ௥෩  can be approximated by 2ߠ௥෩ . 
Therefore, the magnitude of the q-axis current variation is 

proportional to ߠ௥෩ . This magnitude of the q-axis current 
variation is used to estimate the rotor angle and speed with a PI 
type state filter or a Luenberger observer. When a square wave 
voltage is injected into the q-axis of the estimated rotor 
reference frame, the current variation by the positive injection 
voltage is: 

 































r

r

qd

inj
r
qsh

r
dsh

LL

L

LL

VT

i

i




~
2cos

~
2sin

ˆ

ˆ

.  (4) 

Here, the magnitude of the d-axis current variation is 

proportional to ߠ௥෩  and it is used to estimate the rotor angle 
and speed. In the d-axis or q-axis injection, since the 
inductance values are used as the gain of the current ripple 
signal, an error in the inductance values do not incur a steady 
state error. If a voltage signal which includes both d-axis and 
q-axis components is injected into the estimated rotor reference 
frame, the exact inductance values of the machine are 

necessary to calculate ߠ௥෩ . Therefore, the error in the 
inductance values incurs a steady state error in the angle 
estimation. Therefore, the voltage signal is normally injected at  
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Fig. 1. Block diagram of the signal injection based sensorless 
method. 
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Fig. 2. Voltage references and current variations in the estimated 
rotor reference frame when the carrier frequency of the voltage 
signal is injected at d-axis. (a) d-axis voltage reference and 
current   (b) q-axis voltage reference and current. 
 
the d-axis or the q-axis.  

By calculating the difference between two sampled current 
signals, the magnitude of the d-axis or q-axis current variation 
can be calculated. In [15], a signal processing method where 
the carrier frequency signal is injected has been studied. The 
voltage references and the current variations are shown in Fig. 
2. When the d-axis and q-axis voltage references for the current 
control (ݒௗ௦

௥ ௤௦௥ݒ	, ) are constantly kept for one carrier period, a 

square wave voltage at the carrier frequency is added in the 
d-axis. Here, the current variation consists of two components. 
One is a current variation by the voltage reference for the 

current control (Δ݅ௗ௤௙
௥̂ ) and the other is a current variation by 

the injection voltage (Δ݅ௗ௤௛
௥̂ ). By sampling the current signals at 

the peak and valley of the carrier signal, the current variations 
between the sampling points can be calculated as: 
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From (5), the current variation by the injection voltage can be 
extracted as: 
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Therefore, the injection frequency component can be extracted 
from the current variation without a digital filter.  

B. Current Sampling in the TSSI 

In the TSSI, three resistors are installed on the bottom of the 
lower switches, as shown in Fig. 3. When the lower switch is 
turned on (Sx=0, when Sx is the switching function of the leg, 
and x is a leg named A, B, or C), the phase current passes 
through the shunt resistor and its magnitude can be calculated. 
However, when the upper switch is turned on (Sx=1), the phase 
current does not pass through the shunt resistor and its 
magnitude cannot be calculated. Therefore, the current vector 
can be reconstructed at V0 (SASBSC = 000), but not at V7 (SASBSC 
= 111) [7]. In the carrier based PWM, V0 is placed at the peak 
and V7 is placed at the valley of the carrier signal. Therefore, 
when the voltage signal is injected at the carrier frequency in 

the TSSI, Δ݅ௗ௛
௥̂ 	and	 Δ݅௤௛

௥̂ 	cannot be extracted because ݅ௗଵ
௥̂ 	and 

݅௤ଵ௥̂  cannot be sampled. Therefore, in the TSSI, the maximum 

injection frequency is limited to half of the carrier frequency to 
calculate the rotor angle from Equ. (6).  

C. Switching Leg According to the Injection Axis 

Fig. 4 shows the voltage vector plane and the modified 
voltage vectors by the injected voltage signal. Here, the 
original voltage vector for the current control is located in 
sector 2. In the d-axis injection, the modified voltage vectors 
are in sectors 1 and 3. In the q-axis injection, the modified 
voltage vectors are in sector 2 and 4. If these modified voltage 
vectors are modulated with the continuous PWM, all of the 
legs have two switching events in one sampling period even in 
the voltage signal injection. This means that the switching loss 
difference between the d-axis and q-axis injections is 
negligibly small.  

However, if the modified voltage vector is modulated with 
the 120° OFF DPWM, the non-switching leg which does not 
have a switching event for one sampling period is altered in 
every sampling period. Fig. 5 shows the voltage reference 
signals and the switching functions according to the injection 
axis. When a positive voltage is injected, the voltage vector is 
in sector 1 and leg C has no switching event as shown in Fig. 5 
(a). When a negative voltage is injected, the voltage vector is in 
sector 4 and leg A has no switching. For two carrier periods,  
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Fig. 4. Modified voltage vectors in voltage signal injection at (a) 
d-axis and (b) q-axis. 

 
each leg A and C has two switching events, but leg B has four 
switching events as shown in Fig. 5(a). When a positive 
voltage is injected into the d-axis, the voltage vector is in sector 
2 and leg C has no switching event as shown in Fig. 5(b).  
When a negative voltage is injected into q-axis, the voltage 
vector is in sector 5 and leg B has no switching. For the two 
carrier periods, each leg B and C has two switching events, but 
leg A has four switching events as shown in Fig. 5(b). This 
means that the switching loss varies with the injection axis.  

 

IV. LOSSES ACCORDING TO THE INJECTION AXIS 

For a more detailed analysis of the switching loss, the 
switching loss according to the injection axis in the TSSI is 
analyzed from the mathematical model in [23], [24]. In 
addition, the conduction losses, copper losses, and iron losses 
are analyzed in this chapter.  

A. Switching Loss  

The dissipated energies of the active switch and diode 
during a switching event depend on the magnitudes of the 
voltage applied to the device and the current passing through 
it. The dissipated energies in the active switch and diode  
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Fig. 5. Voltage references and switching function of Fig. 4 in 120° 
OFF DPWM; (a) d-axis injection (b) q-axis injection. 

 
(wactive, wdiode) per switching event can be expressed as: 

        ,,  sDdiodesTactive iEwiEw    (7) 

where ETx and EDx are the dissipated energy per ampere of the 
active switch and diode during on and off switching events. 
Here, the subscript ‘x’ can be ‘U’ for the upper switch or ‘L’ 
for the lower switch in each leg. When the DC link voltage is 
fixed, the dissipated energies are linearly proportional to is.  

The switching loss is a product of the dissipated energy and 
the switching frequency. In order to calculate the average 
switching loss, a fundamental period of the phase current is 
considered. In the continuous PWM, leg A has a switching at 
the carrier frequency for a fundamental period. The average 
switching losses of the upper switch (Psw,TU) and the upper 
diode (Psw,DU) can be derived as: 

 


carry
mDUDUsw

carry
mTUTUsw

f
IEP

f
IEP  ,, , ,  (8) 

where fcarrier is the carrier frequency, and Im is the magnitude of 
the phase current. If ET=ETU=ETL and ED=EDU=EDL, the total 
sum of the average switching loss in one leg is: 
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The average switching loss of a three leg inverter (Psw,total) is 
three times that of Psw,leg. It only depends on fcarrier and Imag [23]. 

In the 120° OFF DPWM, when the voltage reference vector 
is from -180º to -120º and from 120º to 180º, leg A has no 
switching as shown in Fig. 6. The average switching losses at  
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Fig. 6. Phase voltage and current of leg A when -30°<ϕ<30°. 
 

TABLE II 
AVERAGE SWITCHING LOSS OF INVERTER 120° OFF DPWM 
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the upper switch and the upper diode can be derived as: 
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where the load angle (ϕ) is the difference between the angle of 
the voltage vector (θv) and the angle of the current vector (θi). 
If ET=ETU=ETL and ED=EDU=EDL, the total sum of the average 
switching losses in one leg is: 
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where -30˚< ϕ <30˚. Psw,leg in other angles is calculated in the 

same manner. The average switching loss of a three leg 
inverter in the 120° OFF DPWM are summarized in Table II 
[25]. When the load angle is 0º or 180º, Psw,total has its 
minimum value. When it is 90º or -90º, Psw,total has its 
maximum value. The maximum value of Psw,total is 32% larger 
than the minimum value of Psw,total in the 120° OFF DPWM. 

B. Switching Losses According to the Injection Axis 

Fig. 7 shows the voltage and current vectors when the 
voltage signal is injected. The angle of the original voltage 
vector is over 90° since the positive speed and torque 
conditions are considered. When a positive voltage (+Vinj) is 
added, the original voltage vector from the current controller 

ௗ௤ݒ)
௥̂∗ ) is changed to ݒௗ௤ଵ

௥̂∗ . When a negative voltage (-Vinj) is 

added, it is changed to ݒௗ௤ଶ
௥̂∗ . Here, θv1 and θv2 are the angles of 



1796                       Journal of Power Electronics, Vol. 16, No. 5, September 2016 

 

ˆ
 

fd
r

idq
r̂

θi1θi2

-Vinj +Vinj

ˆ vdq2
r*

ˆ vdq1
r*

ˆ
 

fq
r

idq1
r̂idq2

r̂

vdqˆ r*

 
 

(a) 

ˆ vdq2
r*

ˆ
 

fd
r

ˆ
 

fq
r

+Vinj

-Vinj

vdqˆ r*

ˆ vdq1
r*

θv2

θv1

idq2
r̂

idq1
r̂

 
(b) 

 

Fig. 7. Modified voltage and current vectors by the voltage signal 
injection at (a) d-axis and (b) q-axis. 

 
ௗ௤ଵݒ
௥̂∗  and ݒௗ௤ଶ

௥̂∗ , respectively. In addition, the current vector 

varies by the voltage injection. ݅ௗ௤ଵ
௥̂  is the current vector after 

a positive voltage injection, and ݅ௗ௤ଶ
௥̂  is the current vector after 

a negative voltage injection. Here, θi1 and θi2 are the angles of 

݅ௗ௤ଵ
௥̂  and ݅ௗ௤ଶ

௥̂ , respectively. The average current vector of 

݅ௗ௤ଵ
௥̂ and ݅ௗ௤ଶ

௥̂ 	is ݅ௗ௤
௥̂ , and it is the same as the current vector 

without any voltage signal injection.  
When the voltage signal is injected at the d-axis, the voltage 

vectors become close to the d-axis of the rotor reference frame 
as shown in Fig. 7(a). The current vector is pulsating in parallel 
with the d-axis. When the voltage signal is injected at the 
q-axis, the voltage vectors become close to the q-axis of the 
rotor reference frame as shown in Fig. 7(b). The current vector 
is pulsating in parallel with the q-axis. 

To calculate the switching loss when a voltage signal is 
injected, the operating points in the positive and negative 
voltage injections can be considered independently. After 
calculating the switching loss in each operating point from Equ. 
(12), the total average switching loss can be calculated as: 

 nega
sw

posi
swswinj PPP , ,  (13) 

where ௦ܲ௪
௣௢௦௜ and ௦ܲ௪

௡௘௚௔are the average switching losses at the 
positive and negative voltage injections for half of the injection 

period, respectively. For the calculation of ௦ܲ௪
௣௢௦௜ ௗ௤ଵݒ ,

௥̂∗  and  

݅ௗ௤ଶ
௥̂ 	are considered since the current vector is at  ݅ௗ௤ଶ

௥̂ 	when a 

positive voltage is added. Here, the load angle ϕ1 is the 

difference between θv1 and θi2. For the calculation of	 ௦ܲ௪
௡௘௚௔, 

ௗ௤ଶݒ
௥̂∗  and ݅ௗ௤ଵ

௥̂ 	are considered since the current vector is at 

݅ௗ௤ଵ
௥̂ 	when a negative voltage is added. Here, the load angle ϕ2 

is the difference between θv2 and θi1. 
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Fig. 8. Relative average switching loss at (a) d-axis injection and 
(b) q-axis injection. 
 

Fig. 8 shows a relative switching loss curve calculated from 
Table II. Here, the switching loss when the load angle is 0 is 
considered as the base value. Before the voltage injections, the 
operating point is slightly higher than the valley point when the 
machine is at a low speed in the generation mode. When the 
voltage signal is injected at the d-axis, the operating point 
moves near to each peak point of the switching loss curve as 
shown in Fig. 8(a). When the voltage signal is injected at the 
q-axis, the operating point moves near to the valley points of 
the switching loss curve as shown in Fig. 8(b). In other words, 
the q-axis injection case tends to reduce the average switching 
loss but the d-axis injection case tends to increase it in the 120° 
OFF DPWM. 

Fig. 9 shows the relative switching loss according to the rotor 
speed. Here, the switching loss where its value is minimum in 
no voltage injection is considered as the base value. It is 
calculated for a 1kW PMSM with the parameters listed in 
Table III. Here, the q-axis current is 5A in all of the speed 
ranges. The solid line means that both of the modified voltage 
vectors can be modulated under the limited dc link voltage 
condition. The doted line means that one modified voltage 
vector cannot be modulated because of the voltage limitation. 
At low speeds, the switching loss in the q-axis injection case 

( ௦ܲ௪
௤ି௔௫௜௦ ) is lower than that in the d-axis injection case 

( ௦ܲ௪
ௗି௔௫௜௦ ).  At high speeds, ௦ܲ௪

௤ି௔௫௜௦ is higher than ௦ܲ௪
ௗି௔௫௜௦ . 

When the level of the injection voltage is increased, the speed 

of the cross point between ௦ܲ௪
ௗି௔௫௜௦ and ௦ܲ௪

௤ି௔௫௜௦ is increased. 
This means that when the level of the injection voltage is large, 

the speed range where ௦ܲ௪
௤ି௔௫௜௦ is lower than ௦ܲ௪

ௗି௔௫௜௦ is wide. 
Therefore, since the saliency based method is commonly  
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Fig. 9.  Relative switching loss according to the rotor speed 
when (a) Vinj =50V and (b) Vinj=100. 

 
used at low speeds in sensorless control, the q-axis injection 
method in the 120° OFF DPWM has merit. In addition, 

௦ܲ௪
௤ି௔௫௜௦is lower than the switching loss in the no injection case 

( ௦ܲ௪
௡௢) at low speeds in the generation mode. However, since 

other losses can be increased by the injected voltage signal, it is 
hard to say that the q-axis injection method in the 120° OFF 
DPWM is better than the no injection case at low speeds in the 
generation mode.  

C. Other Losses According to the Injection Axis 

When current passes through the active switch or diode, there 
is a voltage drop which causes a conduction loss [24]. The 
voltage drops of the active switch and diode (vT, vD) can be 
simply expressed as: 

 ,, sDDDsTTT iRVviRVv    (14) 

where VT and VD are constant voltage drops in the active switch 
and diode, and RT and RD are the on-state slope resistances of 
the active switch and diode, respectively. The instantaneous 
conduction loss is a product of the voltage drop and is. The 
average conduction losses of the upper active switch (PCON,TU) 
and the upper diode (PCON,DU) are derived as: 
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  (15) 

where ξ is the on duty of the upper switch. This on duty 
depends on the PWM method and the load angle.  
  In sinusoidal wave PWM [23], the sum of the average 
conduction losses for the upper active switch and the diode is: 

TABLE III  
PARAMETERS OF MACHINE AND SYSTEM 

Quantity Value [Unit] 

Rated power 1 kW 
Number of pole 6 
Rated current 10 A 

d-axis inductance 8.8 mH 
q-axis inductance 12.9 mH 
Phase resistance 1.09 Ω 

Rated speed 3600 r/min 
Shunt resistance 0.04 Ω 

  

   

    ,cos
32
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82

22

,







MIRR
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MIVV
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VV
I

P

DT
m

DT
m

DT
m

DT
m

Ucon




 (16) 

where MI is the modulation index of the voltage reference. If 
VT ≈ VD and RT ≈ RD, the second and fourth terms of Equ. (16) 
are negligibly smaller than the first and third terms of Equ. (16). 
Since the total conduction loss of the three leg inverter is six 
times as much as Pcon,U, the simplified total conduction loss is: 

    











 DT

m
DT

m
con RR

I
VV

I
P

22
6

2


.  (17) 

The sum of the average conduction losses for the upper 
active switch and the diode in the continuous PWM and the 
120º OFF DPWM is a function of the on duty and MI. 
However, when VT ≈ VD and RT ≈ RD, the simplified total 
conduction losses of the three leg inverter in the continuous 
PWM and the 120º OFF DPWM are same as those in Equ. (17). 
This simplified total conduction loss depends on the magnitude 
of the phase current. but it is independent from the load angle. 
Even though the rms value of the phase current can be 
increased because of the voltage injection, the enlargement of 
the rms value is small at a high injection frequency. This means 
that the conduction losses of the d-axis and q-axis injection 
cases are almost the same.                                          

The machine losses are classified into copper loss and iron 
loss. The copper loss is a product of the phase resistance (Rs) 
and the square of Im. Therefore, the total copper loss in a three 

phase machine is: 

 )(3 2
smcopper RIP  . (18) 

Similar to the conduction loss, the rms value of the phase 
current is increased, but the increase of the copper loss is small 
and negligible. In addition, the copper losses of the d-axis and 
q-axis injections are almost the same.  

The iron loss is the sum of the hysteresis loss and the eddy 
current loss. The hysteresis loss is proportional to the 
frequency and level of the rotating flux. In addition, the eddy 
current loss is proportional to the square of the frequency and 
level of the rotating flux. Therefore, the iron loss in high 
frequency injection is larger than that in low frequency  
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Fig. 10. Experimental setup with 1kW IPMSM. 

 
injection [23]. In [24], the machine losses due to the injection 
voltage have been studied with computer simulations. The iron 
loss of the d-axis injection case is larger than that in the q-axis 
injection case when Lq is larger than Ld. The reason is that the 
flux level of the d-axis injection case is larger than that of the 
q-axis injection case when the same levels of voltage are 
injected in both cases.  

 

V. SIMULATION AND EXPERIMENTAL RESULTS 

For the simulations and experiments, an 1kw PMSM drive 
system with the TSSI and the IGBT power module, 
IGCM20F60GA, were used as shown in Fig. 10. The detailed 
system parameters are listed in Table III. Since the carrier 
frequency was set to 30 kHz, the average switching frequency 
was 20 kHz with the 120° OFF DPWM. A square wave voltage 
at 15 kHz was added to the output of the current controller and 
the current signals were sampled at 30 kHz. Here, the 
magnitude of the q-axis current in Equ. (3) was controlled to be 
same as the magnitude of the d-axis current in Equ. (4) for the 
same performance in angle estimation. Therefore, the level of 
the injection voltage is 100V in the d-axis and q-axis injections. 
The magnitude of the d-axis current ripples was 0.19A in the 
d-axis injection case, and that of the q-axis current ripples was 
0.13A in the q-axis injection case.  

Fig. 11 shows the modulated pole voltages when square 
wave voltages were injected in the d-axis and q-axis of the 
rotor reference frame. A small d-axis current was applied to 
lock the rotor when the rotor angle was 15°. When the voltage 
signal was injected at the d-axis, the B phase leg has four 
switching events for one injection period, which is the same as 
the two sampling periods. However, when the voltage signal 
was injected at the q-axis, the A phase leg has four switching 
events for one sampling period.   

Fig. 12 shows the performances of the angle estimations in 
the d-axis and q-axis injection cases. To calculate the angle 
estimation error, the q-axis current of Equ. (3) was used in the 
d-axis injection case, and the d-axis current of Equ. (4) was 
used in the q-axis injection case. When the rotating speed of 
the PMSM was 36r/min, the output torque was controlled with  
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Fig. 11.  Modulated pole voltage when the voltage signal is 
injected in (a) d-axis and (b) q-axis. 

 
the sensorless method. 70% of the rated torque was 
commanded and removed. Here, the slop of the torque 
command was limited to 50 p.u./s to obtain the voltage margin 
for the voltage signal injection. The rotor angle was estimated 
without failure in the transient conditions. The maximum angle 
errors were 30° in the d-axis injection case and 32° in the 
q-axis injection case. There are no distinct difference between 
the d-axis and q-axis injection cases in terms of the 
performance of the angle estimation.  

The inverter and machine losses are calculated with 
computer simulations. Here, PLECS 3.5 was used as a 
computer simulator. The characteristics of the IGCM20F60GA 
were applied from its datasheet. Since an iron loss model of the 
PMSM is not applied, only the conduction loss, switching loss, 
and copper loss are considered in this computer simulation. Fig. 
13 and Fig. 14 show these losses when the q-axis currents are 
1A, and 10A, respectively. To inject a voltage signal at 15 kHz, 
the carrier frequency was set as 15 kHz in the continuous PWM 
and as 30 kHz in the 120º OFF DPWM. Therefore, the 
switching frequency was 15 kHz in the continuous PWM and 
the average switching frequency was 20 kHz in the 120º OFF 
DPWM. Therefore, the switching loss at no injection in the 
120º OFF DPWM is larger than that in the continuous PWM in 
this paper.  

As shown in Fig. 13(a), the switching losses of the d-axis 
and q-axis injection cases are slightly larger than those of the 
no injection case. The reason is that the voltage injection 
increases the rms value of the phase current. As shown in Fig. 
14(a) and Fig. 15(a), the switching losses of the d-axis injection 
case, the q-axis injection case, and the no injection case are 
almost the same. The reason is that the current ripple due to the 
injection voltage is small and negligible when the load current  



Consideration of the Carrier …                                   1799 

 

Angle error [15deg./div]

Real angle [1rad/div]Estimated angle 
[1rad/div]

A phase current 
[4A/div]

q-axis current 
[4A/div]

d-axis current 
[4A/div]

1s
 

(a) 
 

r
~

 [15deg./div]

 [1rad/div] [1rad/div] r

[4A/div]

[4A/div]  [4A/div]

1s

ids
riqs

r

iA

r̂ 

 
(b) 

 

Fig. 12. Angle estimation error, estimated rotor angle, real rotor 
angle, and d- and q-axis currents in (a) the d-axis injection case 
and (b) the q-axis injection case. 

 
is relatively large in the continuous PWM.  

As shown in Fig. 13(b), Fig. 14(b), and Fig. 15(b), the 
switching loss of the d-axis injection case is larger than that of 
the q-axis injection case in the 120° OFF DPWM. Under some 
conditions, the switching loss of the q-axis injection case is 
even smaller than that of the no injection case. The reason is 
that the operating points move when the switching loss is small 
due ot the injected voltage signal in the q-axis injection case. 
The switching losses of the d-axis injection case are 28~33% 
larger than those of the q-axis injection case. These values are 
similar to the analysis results in the section III.  

As shown in Fig. 13, Fig. 14, and Fig. 15, the conduction 
losses and copper losses depend on the rms value of the phase 
current regardless of the injection cases. When the q-axis 
current is 1A, the conduction loss and copper loss of the d-axis  
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Fig. 13. Power losses from computer simulations when the q-axis 
load current is 1A at 36r/min with (a) Continuous PWM 
(fcarry=15kHz) and (b) 120˚ OFF DPWM (fcarry=30kHz). 
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Fig. 14. Power losses from computer simulations when the q-axis 
load current is 5A at 36r/min with (a) Continuous PWM 
(fcarry=15kHz) and (b) 120˚ OFF DPWM (fcarry=30kHz). 
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Fig. 15. Power losses from computer simulations when the q-axis 
load current is 10A at 36r/min with (a) Continuous PWM 
(fcarry=15kHz) and (b) 120˚ OFF DPWM (fcarry=30kHz). 
 
or q-axis injection cases are slightly larger than those of the no 
injection case. When the q-axis currents are 5A and 10A, the 
conduction losses and copper losses of the three injection cases 
are almost the same.  

In the experiments, the power input of the inverter was 
measured by a power meter, PPA5530. By subtracting the 
output power of the machine from the input power, the total 
loss was calculated. Fig. 16, Fig. 17, and Fig. 18 show the total 
losses in the no injection case and in the d-axis and q-axis 
injection cases when the q-axis currents are 1A, 5A, and 10A,  
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Fig. 16.  Total losses from the experimental results when the 
q-axis load current is 1A at 36r/min with (a) Continuous PWM 
(fcarry=15kHz) and (b) 120˚ OFF DPWM (fcarry=30kHz). 
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Fig. 17. Total losses from the experimental results when the 
q-axis load current is 5A at 36r/min with (a) Continuous PWM 
(fcarry=15kHz) and (b) 120˚ OFF DPWM (fcarry=30kHz). 
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Fig. 18. Total losses from the experimental results when the 
q-axis load current is 10A at 36r/min with (a) Continuous PWM 
(fcarry=15kHz) and (b) 120˚ OFF DPWM (fcarry=30kHz). 

 
respectively. The total loss includes the iron loss which is not 
considered in the simulations. According to the simulation 
results, the sum of the switching loss, the conduction loss and 
the copper loss of no injection case is similar to that of the 
d-axis or q-axis injection cases in the continuous PWM. 
Therefore, the difference between the total loss in the no 
injection case and that of the d-axis or q-axis injection case in 
the continuous PWM is mostly the incensement of the iron loss 
by the voltage signal injection. As shown in Fig. 16(a), Fig. 
17(a), and Fig. 18(a), the incensements of the iron loss were 
from 11.3W to 18.1W in the d-axis injection case and from 
7.7W to 16.0W in the q-axis injection case. Since Lq is larger 
than Ld in this machine, the flux ripples in the d-axis injection 
case are larger than those in the q-axis injection case. Therefore, 

the iron loss in the d-axis injection case is larger than that in the 
q-axis injection case.  

The difference between the total loss of the no injection case 
and that of the d-axis or q-axis injection case in the 120º OFF 
DPWM is relatively large when compared to that in the 
continuous PWM. As shown in Fig. 16(b), Fig. 17(b), and Fig. 
18(b), the incensements of the iron loss were from 13.7W to 
35.8W in the d-axis injection case and from 8.5W to 19.4W in 
the q-axis injection case. Since the switching loss of the d-axis 
injection case is larger than that of the q-axis injection case in 
the 120º OFF DPWM, the difference of the total loss of the 
d-axis and q-axis injection cases is increased. Therefore, when 
the voltage signal is injected at a high frequency in the 120º 
OFF DPWM, the q-axis injection case can reduce the total 
power loss when compared to the d-axis injection case.  

 

VI. CONCLUSIONS 
 

This paper considered the high frequency injection method 
in the TSSI for sensorless motor control. In addition, it 
analyzed the switching losses according to the injection axis at 
the carrier frequency injection in detail. When both the phase 
current reconstruction and the sensorless methods use a voltage 
signal simultaneously, an interaction problem can be incurred. 
To avoid this interaction problem, a signal injection based 
sensorless method with the 120º OFF DPWM in the TSSI is 
considered in this paper. In the 120º OFF DPWM, the 
switching loss is altered according to the direction of the 
voltage signal injection since one leg does not have a switching 
event for one sampling period. In the d-axis injection case, the 
load angles between the modified voltage vectors and the 
current vector are close to 90º or -90º. In the q-axis injection 
case, the load angles are close to 0º or 180º. Therefore, the 
switching loss of the d-axis injection case can be up to 32% 
larger than that of the q-axis injection case. Since the current 
ripple by the injection voltage is small, the conduction loss and 
copper loss do not depend a lot on the injection axis. However, 
because of the flux ripple, the iron loss of the d-axis injection 
case is larger than that of the q-axis injection case. Therefore, 
the q-axis injection case with the 120º OFF DPWM in the TSSI 
can significantly reduce the total power loss in the low speed 
range. This analysis was verified by simulation and the 
experimental results.  
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