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 High Frequency Signal Injection based techniques are robust and well proven to estimate 
the rotor position from stand still to low speed.  However, Injected high frequency signal 
introduces, high frequency harmonics in the motor phase currents and results in significant 
Output Torque ripple. There is no detailed analysis exist in the literature, to study the effect 
of injected signal frequency on Torque ripple. Objective of this work is to study the Torque 
Ripple resulting from High Frequency signal injection in PMSM motor drives. Detailed 
MATLAB/Simulink simulations are carried to quantify the Torque ripple at different Signal 
frequencies. 
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NOMENCLATURE 
 
PMSM  Permanent Magnet Synchronous Motor 
Ea,Eb,Ec Back EMF of phase a,b,c  
Va,Vb,Vc   Terminal Voltage of phase a,b,c 
Ia, Ib,Ic   Currents through Phase  a,b,c  
Iab1 Iαβ rotated with injected frequency and filtered. 
R   Stator winding resistance / Phase 
L   Stator winding inductance / Phase 
Te Electromagnetic Torque 
A  3 phase to 2 phase transformation matrix (Clark 

Transformation) 
B  αβ to dq transformation matrix  
T  Transpose 
vc, ic  High frequency carrier voltage and high frequency 

carrier current response 
Lc   High frequency stator inductance vector 
αβ Stator orthogonal coordinate system 
dq  Rotor orthogonal coordinate system 
dq'  Magnetic Saliency axis  on rotor side. 
VDC   DC Supply Voltage to Inverter 
θr  or λdq’   Rotor Magnetic saliency Position angle reference to rotor 

orthogonal system. 
 
1. Introduction 

Permanent Magnet Synchronous Motors are driven with 
Vector control drives to improve the dynamic performance of the 

drive. Vector control requires rotor position to control the drive. 
Position sensor like resolver or encoder are used to provide the 
rotor position information [1], such a position sensor reduces the 
reliability of the system and increase the cost and weight of the 
drive.  Sensor less control techniques are widely used to address 
the position sensor issues [2].  Sensor less control techniques uses 
only terminal variables (voltages and currents) to determine the 
rotor position. Back EMF (Electro Motive Force) based methods 
are popular and robust to extract rotor position information from 
medium to high speeds. These techniques require minimum motor 
speed for proper drive operation, however all the techniques based 
on back EMF, have serious problem to extract the rotor position 
from low speed to standstill [3]-[4]. At standstill, motor back EMF 
is zero, so all Fundamental methods based on back EMF fail to 
extract rotor position information. 

From low speed to standstill machine geometrical or saturation 
saliency is used to estimate rotor position information. The idea 
behind saliency based sensor less estimation scheme is that, as the 
machine winding inductance is function of the rotor position due 
to saliency, the rotor position is derived from the profile of 
inductance variation. Position estimation based on machine 
magnetic saliency or signal injection techniques are powerful 
from standstill to minimum speed. In order to reveal the position 
information from machine saliency property, high frequency 
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voltage signal is injected and resulting response current is 
demodulated to extract position information [5]-[7]. 

According to the type of injected signal, continuous signal 
injection consists of a rotating sinusoidal signal injection [8] -[10], 
a pulsating sinusoidal [11] -[12], a square wave signal injection 
[13] , or arbitrary injection [14]. 

- Continuous signal injection 
- Transient signal injection  
- PWM excitation without additional injection 
 

The implementation of HF injection schemes is well proven 
and can be made with standard low cost micro controllers. The 
response to the injected high frequency signal is used to extract 
non-zero-sequence current [15], non-zero sequence current 
derivative [16], which provide the rotor position information. 
Methods injecting a rotating or pulsating carrier, require filtering 
in order to distinguish the carrier current response from the 
fundamental current. This introduces considerable amount of 
delay, which degrades the dynamics of the sensor less control. 
This problem is addressed in [17], but their proposals require 
more complex signal processing and are parameter dependent. 
Other disadvantage with this method is significant current 
distortions and torque ripple. 

Apart from signal injection techniques open-loop startup 
methods [18] also used, but these methods are not reliable when 
enough starting torque motor needs. At start up motor can rotate 
in reverse direction from the desired direction until the rotor 
aligned to the known pre-defined position. 

 In transient injection methods the fundamental current is not 
affected by high frequency component, but phase currents have 
significant spikes during the test vector instances. Main concern 
with the transient signal injection method is the minimum 
acquisition time for the measurement. The current disturbances 
also cause additional losses and in some cases undesired torque 
ripple [19]-[20]. The worst problem is however a significant 
audible noise, which cannot be neglected for many applications. 

To overcome this problem, the inherent excitation of the PWM 
is used in [21]-[23]. Again, a complex signal processing is 
required. Implementation of the transient voltage methods 
requires a more complex and advanced micro controller system. 
Sensor less control techniques in the low speed to stand still 
region utilizes the magnetic saliency of the machine to extract 
rotor position information, however the injected signal could be 
continuous or transient. 

 Transient signal injection technique requires current sensing 
with high bandwidth and which makes current sensing system 
expensive. This limits the popularity of the transient signal 
injection techniques. On the other hand continuous signal 
injection techniques doesn’t need expensive current sensing 

system , but the injected amplitude causes torque ripple, audible 
noise and HF losses[24]-[25] .  

This work focus on detailed analysis of torque ripple resulting 
from rotating high frequency signal injection based sensor less 
control.  
2. Modelling of PMSM in d-q reference frame for Torque 

Ripple Analysis  

Detailed modeling of PM motor drive system is required for 
proper simulation of the system. The d-q model has been 
developed on rotor reference frame. There are many variations of 
rotor configurations are reported in the literature. Two main 
configurations of PM synchronous motors are surface magnet 
type where magnets are mounted on the outer surface of the rotor 
(SPMSM), and the interior magnet type where the magnets are 
mounted inside the magnetic structure of the rotor (IPMSM). 
Surface and interior type rotor configurations are shown in Fig.1.    

Mounting the magnets to the surface of the rotor is the simplest 
and cheapest method for construction of PMBL motor. Another 
method for mounting the magnet is to imbed them in the interior 
of the rotor. Interior design provides mechanical robustness and 
smaller air gap, which results in a component of reluctance torque 
in addition to the developed torque due to PM excitation. This 
work analyze the torque ripple on IPM type motor based on high 
frequency signal injection technique. 

 

Fig.1. Surface and interior type rotor configurations. 

Symmetrical three phase PMSM on stator side is represented 
with Equations (1) to (3).  

𝑉𝑉𝑎𝑎 = 𝑅𝑅 ∗ 𝑖𝑖𝑎𝑎 + 𝐿𝐿𝑎𝑎
𝑑𝑑𝑑𝑑𝑎𝑎
𝑑𝑑𝑑𝑑
− 𝐸𝐸𝑎𝑎     (1) 

𝑉𝑉𝑏𝑏 = 𝑅𝑅 ∗ 𝑖𝑖𝑏𝑏 + 𝐿𝐿𝑏𝑏
𝑑𝑑𝑑𝑑𝑏𝑏
𝑑𝑑𝑑𝑑
− 𝐸𝐸𝑏𝑏     (2) 

𝑉𝑉𝑐𝑐 = 𝑅𝑅 ∗ 𝑖𝑖𝑐𝑐 + 𝐿𝐿𝑐𝑐
𝑑𝑑𝑑𝑑𝑐𝑐
𝑑𝑑𝑑𝑑
− 𝐸𝐸𝑐𝑐      (3) 

Where  

�
𝐸𝐸𝑎𝑎
𝐸𝐸𝑏𝑏
𝐸𝐸𝑐𝑐
�=�

𝐸𝐸
𝐸𝐸 (𝑠𝑠𝑠𝑠𝑠𝑠λdq′ − 2π/3)
𝐸𝐸 (𝑠𝑠𝑠𝑠𝑠𝑠λdq′ + 2π/3) 

�   (4) 
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Using (4) equation (1) to (3) can be re written as (5) to (7). 

𝑉𝑉𝑎𝑎 = 𝑅𝑅 ∗ 𝑖𝑖𝑎𝑎 + 𝐿𝐿𝑎𝑎
𝑑𝑑𝑑𝑑𝑎𝑎
𝑑𝑑𝑑𝑑
− 𝐸𝐸     (5) 

𝑉𝑉𝑏𝑏 = 𝑅𝑅 ∗ 𝑖𝑖𝑏𝑏 + 𝐿𝐿𝑏𝑏
𝑑𝑑𝑑𝑑𝑏𝑏
𝑑𝑑𝑑𝑑
− 𝐸𝐸 (𝑠𝑠𝑠𝑠𝑠𝑠λdq′ − 2π/3)   (6) 

𝑉𝑉𝑐𝑐 = 𝑅𝑅 ∗ 𝑖𝑖𝑐𝑐 + 𝐿𝐿𝑐𝑐
𝑑𝑑𝑑𝑑𝑐𝑐
𝑑𝑑𝑑𝑑
− 𝐸𝐸 (𝑠𝑠𝑠𝑠𝑠𝑠λdq′ + 2π/3)   (7) 

Fig. 2 (a) shows the cross section of a three phase PMS motor 
showing three phase stator windings A, B and C. The shaded areas 
of the motor section symbolize areas with a high permeability. It 
can be seen that the relative air gap width changes with the rotor 
position dq'. The change of the relative air gap changes the values 
of the resulting three phase equivalent inductances   𝐿𝐿𝑎𝑎, 𝐿𝐿𝑏𝑏 and 𝐿𝐿𝑐𝑐 
as shown in Fig. 2 (b).  

Stator winding inductance has two components one is fixed 
and second one changes with the position of the rotor. First 
component is the combination of self and mutual inductance, this 
doesn’t include the saliency of the machine and second 
component depends on the saliency of the machine and rotor 
position.   The three phase equivalent inductances 𝐿𝐿𝑎𝑎, 𝐿𝐿𝑏𝑏 and 𝐿𝐿𝑐𝑐 
are given by (9) to (11), which consist of a constant term L plus a 
Sinusoidal modulation depending on ΔL and the rotor 
position λdq′ . It is assumed that saliency causes a balanced 
sinusoidal three phase inductance modulation. 

 
Fig.2. Three phase equivalent inductance modulation because of 
saliency 

LABC = �
𝐿𝐿𝑎𝑎 0 0
0 𝐿𝐿𝑏𝑏 0
0 0 𝐿𝐿𝑐𝑐

�    (8) 

𝐿𝐿𝑎𝑎 = L − ∆L ∗ cos�2λdq′�    (9) 

𝐿𝐿𝑏𝑏 = L − ∆L ∗ cos�2λdq′ + 2π/3�   (10) 

𝐿𝐿𝑐𝑐 = L − ∆L ∗ cos�2λdq′ − 2π/3�   (11) 

Transforming the inductance vector from stationary reference 
frame to rotating reference frame dq' frame gives (13), which 
shows that the complete saliency of the machine can be described 
by two variables Ld' and Lq' , which define the equivalent 
inductance values into d' and q' axis. 

B            = �
cos�λdq′� sin�λdq′�
−sin�λdq′� cos�λdq′�

�    (12) 

Ldq′       = B ∗ �
L − �∆L

2
∗ cos�2λdq′�� − �∆L

2
∗ sin�2λdq′��

− �∆L
2
∗ sin�2λdq′�� L + �∆L

2
∗ cos�2λdq′��

� ∗

B−1    

                = �
L − �∆L

2
� 0

0 L + �∆L
2
�
� = �

Ld′ 0
0 Lq′

� (13) 

The stator fixed -reference frame model transformed into a 
rotor fixed reference frame by using the Park-transformed 
inductance matrix. PMSM model in rotor reference frame can be 
expressed as shown in (14) to (15). 

Vd = R ∗ id + Ld′
𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
− wrLq′iq       (14) 

Vq = R ∗ iq + Lq′
𝑑𝑑𝑑𝑑𝑞𝑞
𝑑𝑑𝑡𝑡

+ wrLd′id + wrλpm       (15) 

Based on (14) and (15) PMSM d-q model can be represented as 

shown in Fig.3. 

Electromagnetic torque (𝑇𝑇𝑒𝑒) with stator variables in the rotor 
reference frame can be expressed as 
𝑇𝑇𝑒𝑒 = �3

2
� (𝑝𝑝)��𝜆𝜆𝑑𝑑 ∗ 𝑖𝑖𝑞𝑞� − �𝜆𝜆𝑞𝑞 ∗ 𝑖𝑖𝑑𝑑��   (16) 

Where p is number of pole pairs and 𝜆𝜆𝑑𝑑 and 𝜆𝜆𝑞𝑞 can be expressed 
as below. 

𝜆𝜆𝑑𝑑 = 𝜆𝜆𝑝𝑝𝑝𝑝 + Ld′ ∗ 𝑖𝑖𝑑𝑑    (17) 

𝜆𝜆𝑞𝑞 = Lq′ ∗ 𝑖𝑖𝑞𝑞      (18) 

Substituting  𝜆𝜆𝑑𝑑  𝑎𝑎𝑎𝑎𝑎𝑎 𝜆𝜆𝑞𝑞 terms in to (16) electromagnetic torque 
(𝑇𝑇𝑒𝑒) can be expressed as 

𝑇𝑇𝑒𝑒 = �3
2
� (𝑝𝑝)��𝜆𝜆𝑝𝑝𝑝𝑝 ∗ 𝑖𝑖𝑞𝑞� − ��Lq′ − Ld′� ∗ �𝑖𝑖𝑞𝑞 ∗ 𝑖𝑖𝑑𝑑��� = 𝑘𝑘𝑇𝑇 ∗

𝑖𝑖𝑞𝑞 − ��3
2
� ∗ (𝑝𝑝) ∗ (∆L) ∗ �𝑖𝑖𝑞𝑞 ∗ 𝑖𝑖𝑑𝑑��   (19) 

Mechanical model can be expressed as Equation (20), and 
complete PMSM model is shown in Fig.4 

𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑙𝑙 = 𝐽𝐽 ∗  �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� + 𝐵𝐵 ∗ 𝛺𝛺 =  𝐽𝐽

𝑝𝑝
∗  �𝑑𝑑𝑤𝑤𝑟𝑟

𝑑𝑑𝑑𝑑
� + 𝐵𝐵

𝑝𝑝
∗ 𝑤𝑤𝑟𝑟   (20) 

3. Position Estimation using High Frequency Signal 
Injection Technique 

This section briefly describe the Vector Controlled Drive 
operation and position estimation using High Frequency Signal 
Injection Technique. 
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Fig.3. PMSM Electrical model in dq reference frame. 

3.1. Vector Controlled PMSM Drive using Position Sensor 

Fig.5. depicts the basic block diagram of Vector control of 
PMS motor drive. Motor phase currents are sensed and then a two 
phase to three phase transformation is carried out with Clarke 
transform and Park transform. The motor phase currents ia and ib 
are measured with a current sensor. The Clarke transform is 
applied to the measured currents to determine the stator current 
projection in a two coordinate non-rotating frame. The Park co-
ordinate transformation is then applied in order to obtain its 
projection in the (dq) rotating frame. 

In order to control the mechanical speed of the motor, an outer 
speed loop driving the reference current Iq_ref is provided. The 
actual speed is compared with the reference speed and the error is 
processed with a speed controller. The output of the speed 
controller provides the reference value of the quadrature axis 
current for the inner quadrature current loop. The inner quadrature 
current loop process the quadrature current error through a current 
controller to provide the reference value of the quadrature axis 
voltage.  

For operation in constant torque region the reference value of 
id is held at zero. The direct axis current is compared with its 
reference value and the resulting error is processed through the 
current controller to provide the reference value of the direct axis 
voltage. The reference direct axis and quadrature axis voltages are 
fed to the inverse Park transform block to carry out transformation 
from dq frame to αβ -frame. Thus, the outputs of the current 
controllers are passed through the inverse Park transform and a 
new stator voltage vector is impressed to the motor using the 
Space Vector Modulation technique. 

3.2. Sensor less Vector Controlled PMSM Drive using High 
Frequency Signal Injection Technique 

A constant amplitude voltage vector rotating at high frequency 
(500 to 1500 Hz) is superimposed on the fundamental voltage 
vector. Therefore a rotating HF current vector arises and which is 
superimposed on the fundamental current vector. High frequency 

carrier current response is extracted by a band pass filter from the 
measured machine currents and filter carrier current is 
demodulated to reconstruct the rotor position.  Negative sequence 
carrier current contains rotor position information, but all these 
signals are hidden in the much stronger fundamental stator current 
and the switching frequency harmonics. Heterodyning 
demodulation method is popularly used to extract the rotor 
position signals from the measured stator currents. This work uses 
heterodyne technique [2] to extract the Rotor Position.  

4. Torque Ripple Due to High Frequency Signal Injection 

This work deals with the torque ripple analysis of rotating 
signal injection in αβ -reference frame whose block diagram is 
shown in Fig.6. A high frequency signal is superimposed to the 
fundamental voltage vector. The resulting current vector ic will 
follow the injected rotating voltage vector with 90 °phase shift. 
However, the locus of the resulting high frequency carrier current 
response will not be exactly circular due to the stator inductance 
difference between d-axis and q-axis. Heterodyne demodulation 
method shown in Fig.7 is used in this work to derive the rotor 
position from carrier current response. 

High frequency signal is injected to extract the rotor position 
information; but injected high frequency signal introduces torque 
ripple. This section derives analytical expressions for the torque 
ripple due to high frequency signal injection. Phase currents will 
have two components i.e fundamental component and high 
frequency component resulted from high frequency voltage 
injection and these current can be expressed as shown in (21) to 
(23) 

𝑖𝑖𝑎𝑎 = 𝐼𝐼 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠( 𝑤𝑤𝑟𝑟 ∗ 𝑡𝑡) + 𝐼𝐼 ℎ𝑠𝑠𝑠𝑠𝑠𝑠( 𝑤𝑤ℎ ∗ 𝑡𝑡)        (21) 

𝑖𝑖𝑏𝑏 = 𝐼𝐼 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠( 𝑤𝑤𝑟𝑟 ∗ 𝑡𝑡 − 2π/3) + 𝐼𝐼 ℎ𝑠𝑠𝑠𝑠𝑠𝑠( 𝑤𝑤ℎ ∗ 𝑡𝑡 − 2π/3)  (22) 

𝑖𝑖𝑐𝑐 = 𝐼𝐼 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠( 𝑤𝑤𝑟𝑟 ∗ 𝑡𝑡 − 4π/3) + 𝐼𝐼 ℎ𝑠𝑠𝑠𝑠𝑠𝑠( 𝑤𝑤ℎ ∗ 𝑡𝑡 − 4π/3)  (23) 

Transforming three phase currents in to dq frame rotating at  𝑤𝑤𝑟𝑟  
will result in 𝑖𝑖𝑞𝑞  𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑑𝑑 as shown in (24) and (25) 

𝑖𝑖𝑑𝑑 = 𝐼𝐼 ℎ𝑠𝑠𝑠𝑠𝑠𝑠�( 𝑤𝑤ℎ−𝑤𝑤𝑟𝑟) ∗ 𝑡𝑡�         (24) 

𝑖𝑖𝑞𝑞 = 𝐼𝐼 𝑓𝑓 + 𝐼𝐼 ℎ𝑠𝑠𝑠𝑠𝑠𝑠�( 𝑤𝑤ℎ−𝑤𝑤𝑟𝑟) ∗ 𝑡𝑡 − π/2�        (25) 

Using (24) and (25) in (19) will get electromagnetic torque 
including high frequency components (26). 

𝑇𝑇𝑒𝑒 = �𝑘𝑘𝑇𝑇 ∗ 𝐼𝐼 𝑓𝑓� + �𝑘𝑘𝑇𝑇 ∗ 𝐼𝐼 ℎ𝑠𝑠𝑠𝑠𝑠𝑠�( 𝑤𝑤ℎ−𝑤𝑤𝑟𝑟) ∗ 𝑡𝑡 − π/2�� −

�3𝑝𝑝∆L
2
�𝐼𝐼 𝑓𝑓𝐼𝐼 ℎ𝑠𝑠𝑠𝑠𝑠𝑠�( 𝑤𝑤ℎ−𝑤𝑤𝑟𝑟) ∗ 𝑡𝑡� − 𝐼𝐼ℎ

2

2
𝑠𝑠𝑠𝑠𝑠𝑠(2( 𝑤𝑤ℎ−𝑤𝑤𝑟𝑟) ∗ 𝑡𝑡)�� 

          (26) 

First term in (26) is constant torque component and remaining 
terms contributes to torque ripple.  
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Fig.4. Complete PMSM model in dq reference frame. 
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Fig.7.Hetero dyne observer using PI Controller to track rotor position 
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5. Simulation Results 

First sensor less vector control system based on rotating high 
frequency signal injection is simulated using MATLAB/Simulink 
TM. , and same platform is used to study the torque ripple at 
different injection frequencies. Motor parameters used in the 
simulation are: Ld=16mH, Lq=20mH, 4 poles on rotor and VDC 
=100V.  

Fig.8 shows the phase currents, alpha beta currents, dq currents 
and output torque at 20Hz speed without signal injection, based 
on the technique presented in Fig.5. Torque ripple frequency is 

the difference of injected frequency and fundamental frequency 
and amplitude fairly direct proportional injection amplitude. Two 
fundamental currents are considered to compare the, effect of 
torque ripple at fixed signal injection frequency.  Fig.9 and Fig.10 
compare the torque ripple frequency at 20Hz and 200Hz 
fundamental frequency with injection frequency set to 1000Hz. 
From Fig.9 and Fig.10 it is clear that when the fundamental 
frequency comes in the order of injection frequency, phase 
currents distortion is much higher. Higher torque ripple increase 
the acoustic noise and vibration, so signal injection techniques 
should be used only for the low speeds.  

Fig.8. Phase currents, alpha beta currents, dq currents and output torque without any injected signal, stator current frequency 
= 20Hz 

Fig.9. Phase currents, alpha beta currents, dq currents and output torque with injected signal, stator current frequency = 20Hz, 
Signal Injection frequency = 1000Hz, Signal amplitude = 0.1*Ipeak 
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Fig.10. Phase currents, alpha beta currents, dq currents and output torque with injected signal, stator current frequency = 
200Hz, Signal Injection frequency = 1000Hz, Signal amplitude = 0.1*Ipeak. 

 

6. Conclusions 

This work developed a detailed analysis on Torque Ripple of 
IPMSM drive based on rotating high frequency signal injection 
techniques. It is shown that Torque component contains a constant 
term and high frequency ripple. When the fundamental frequency 
comes close to the injection frequency, phase currents distortion 
is much higher and torque ripple also impact the drive operation. 
This analysis concludes high frequency signal injection method at 
high speed results in torque ripple and motor vibrations. 
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