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Abstract:  High frequency (HF) signal injection-based methods 
have been widely investigated for sensorless position/speed control 
of permanent magnet synchronous machines (PMSMs).  In 
PMSMs, the HF signal must be injected in the stator windings and 
an asymmetric (salient) rotor is required.  Contrary to this, both 
stator and rotor terminals are accessible in wound-rotor 
synchronous motors (WRSMs). It is feasible therefore to inject the 
HF signal in the rotor, and, as a consequence, the method will not 
rely on the rotor asymmetry.1 

Keywords—Wound rotor synchronous machines, sensorless control, 
high frequency signal injection. 

I. Introduction 
Permanent Magnet Synchronous Motors (PMSMs) have 

been the preferred option for electric and hybrid-electric 
vehicles (EV & HEV) due to their high torque density, wide 
speed capability and higher efficiency compared with other 
machine types like DC or induction machines (IM’s). Wound-
rotor synchronous motors (WRSMs) can be an alternative to 
PMSMs in EV & HEV [1]-[2], they have been successfully 
used in Renault Zoé, Fluence and Kangoo EVs[1]. 

Sensorless control of the traction electric motor in EV & 
HEV is highly appealing as it results in a reliability increase and 
a cost reduction thanks to the elimination of the position/speed 
sensor, cabling and connectors. While a large amount of work 
has been published on the sensorless control of PMSM’s and 
IM’s [3]-[16], much less attention has been paid to the case of 
WRSMs [1], [17]-[20]. 

Sensorless methods can be roughly classified into 
fundamental excitation-based methods and HF signal injection-
based methods.  Fundamental excitation-based methods can be 
considered a mature field, and are available in many electric 
drives. These methods operate well in the mid-high speed 
region where the back-EMF signal is large enough. However, 
their accuracy reduces with speed. Consequently, they cannot 
work at very low or zero speed, do not allow position control 
either [4]-[5].  To overcome the limitations of the fundamental 
excitation-based methods in the low speed region, HF signal 
injection based methods were proposed.  When used with IMs 

 
1  This work was supported in part by the Research, Technological 
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and PMSMs [3]-[12], the HF signal is injected into the stator 
terminals via inverter.  Both the use of the PWM commutations 
[7], as well as the injection of a periodic HF signal on top the 
fundamental excitation have been proposed for this purpose. 
Waveshapes for the HF signal include rotating [3], [8]-[11], 
pulsating [8]-[11] and square-wave [12]. 

 
Fig. 1.-. Simplified energy conversion system of WRSM 

A key issue for the implementation of HF signal injection 
methods in machines for which only the stator is accessible  
(IMs, PMSMs, synchronous reluctance machines) is that the 
rotor must be salient.  Rotor position is obtained by processing 
of the resulting HF currents which result from the interaction 
between the injected HF voltage and the rotor saliencies. 

In a WRSM, both stator and rotor terminals are available 
(see Fig. 1) what opens new possibilities for the implementation 
of HF signal injection-based sensorless methods compared to 
other types of three-phase AC machines with the exception of 
DFIG [21]. HF signal injection sensorless control techniques 
have been recently extended to WRSM [1], [17]-[20].  In [1], 
[17] and [19], the HF signal is injected in the stator terminals, 
while injection in the rotor terminals was proposed in [18]-[20].  
In all the cases the injected HF signal was a voltage. The 
estimated position will depend in this case on the machine HF 
impedance, which will vary due to saturation. 

In the method proposed in this paper, a HF current is 
injected in the rotor via rotor side power converter.  Both the 
induced stator current and voltage will be shown to contain an 
HF component modulated by the rotor angle. Two different 
implementations will be analyzed in this paper: 1) using the 

Competitiveness, under grant MINECO-17-ENE2016-80047-R and by the 
Government of Asturias under project IDI/2018/000188 and FEDER funds.  
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induced stator HF current; 2) using the stator HF voltage with 
the stator HF current being cancelled.    It will be shown that 
option 2) reduces the losses due to HF signal injection and is 
insensitive the stator HF impedance [22]; this will be at the 
price of a slight increase of the implementation complexity 
difficulties. In both cases the estimation is not affected by the 
rotor field winding impedance. 

The paper is organized as follow: the fundamental and HF 
models of a WRSM are presented in Section II; physical 
principles of the method are presented in Section III; simulation 
results to confirm the viability of the method are provided in 
Section IV, conclusions being provided in Section VI. 

II. WRSM model 
The fundamental model of a WRSM in a synchronous frame 

with the d-axis being aligned with the field winding is given by 
(1)-(3) [23], where Rd, Rq, Ld and Lq are the d and q-axes 
resistances and inductances respectively, Lmq is the d-axis 
mutual inductance, Lf is the field winding inductance, Ns is the 
stator number of turns, Nfd is the field winding number of turns, 
vsd

r  and vsq
r  are the d- and q-axes stator voltages, isd

r  and isq
r  are 

the d- and q-axes stator currents, ifd is the field winding current, 
vfd is the field winding voltage and ωr is the rotor speed. Primed 
variables in (4), (5), (6) and (7) are referred to the stator. 
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If the WRSM is fed with a signal with a frequency 

sufficiently larger than the fundamental frequency., rotor speed 
dependent terms and resistive term can be neglected , the HF 
model in (8)-(10) being obtained from (1)-(3), where  subscript 
“HF” stands for HF variables. 
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III. HF signal injection and rotor position estimation 
Two different implementations are discussed following. In 

both cases a sinusoidal HF current signal (11) of magnitude IHF 
and frequency ωHF  injected in the rotor using a resonant 
controller [24]-[25]. 

ifdHF=IHF sin(ωHFt)  (11) 

In the first implementation, the HF current induced in the 
stator is left to flow freely. In the second it is cancelled by 
means of a HF current controller. 

a) Rotor HF current injection without stator HF current 
cancellation 

Injecting (11) in the field winding the resulting stator HF 
currents (12)-(13) are obtained by making vsdHF

r  =vsqHF
r =0 in 

(11)-(12), since the stator inverter does not apply any voltage at 
this frequency. 
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isqHF
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The stator HF current complex vector isdqHF

r  (14) resulting 
from (12)-(13) can be decomposed into positive sequence 
( isdqHFpc

r ) and negative sequence ( isdqHFnc
r ) vectors, each of 

magnitude half of the original scalar signal. Since the stator 
current is measured by sensors which are in a stationary 
reference frame, it is useful to express (14) in the stator 
reference frame, (15) being obtained. 
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It is observed that the rotor angle, θr, is modulated in both 
the positive sequence isdqHFpc

s  and negative sequence isdqHFnc
s  

components forming isdqHF
s . The rotor position can be therefore 

obtained by processing the positive or negative sequence 
component of the HF stator current indistinctly. 

Fig. 2a shows the implementation of WRSM sensorless 
control, including fundamental current control, HF current 
injection and signal processing to estimate the rotor position.  A 
resonant controller “RES” is used to inject the HF current [24]-
[25].  The stator current complex vector is transformed to the 
estimated rotor reference frame, isdq

r .  This current is used both 
to feedback the fundamental as well as the input to the speed 
estimation block. The speed estimation block transforms the 
current into a reference frame synchronous with the positive 
sequence component of the injected HF current (16); the rotor 
speed is obtained by driving the q-axis component of the 
positive sequence of the HF current [see  (16)] to zero. The rotor 
position is obtained by integrating the speed estimate. The 
speed estimation block diagram is equivalent to a synchronous 
reference frame phase-lock loop (SRF-PLL) [28]. 

isdqHF
HF =

-isdqHF
r -

2
"ej(+π 2⁄ )+ej(-2*ωHFt-π 2⁄ )$ (16) 

The implementation in Fig. 2a has some drawbacks: 
• It can be observed from (11)-(13) that HF current will flow 

both through stator and rotor windings, therefore 
producing losses in both sides. Losses due to HF signal 



injection PHF loss can be expressed as (17). Considering only 
copper and iron eddy current losses, stator and rotor losses 
will be given by (18) and (19), where kFE stator and KFE rotor 
are constants and BHF stator and BHF rotor are the flux density 
peak values due to the HF current injection [26]-[27]. Note 
that (17)-(18) don’t include hysteresis losses. 

PHF losss=PHF stator+PHF rotor (17) 
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2

2
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• Torque ripple will be induced due to HF signal injection.  
Overall output torque of a WRSM is represented by (20) 
[23], while torque ripple due to the HF signal injection can 
be expressed as (21), where P is the number of poles.  It 

can be observed that torque ripple results from the 
interaction among isq

r , isdHF
r  and ifdHF

’ , i.e. load current, 
stator d-axis HF current and field HF current respectively. 

Tout=
3
2

P
2
3"Ld-Lq$isd

r isq
r +Lmdifd’ isq

r 4 (20) 

TrippleHF=
3
2

P
2
3"Ld-Lq$isdHF

r 	isq
r +LmdifdHF
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Aforementioned drawbacks can be improved by 
implementing HF current cancellation, this is described in the 
next subsection. 

b) Rotor HF current injection with stator HF current 
cancellation 

Assumed that the HF current (11) is injected in the rotor 
terminals, the condition to cancel the HF current in the stator 
terminals can be deduced from (8)-(9), i.e. the voltage defined 
by (21)-(22) must be applied to the stator windings.  Use of 

a)  

b)  
Fig. 2.-. Block diagram of a WRSM including fundamental control, HF signal injection and signal processing using rotor HF current injection a) without and 
b) with stator HF current cancellation. 



(21)-(22) would rely on the accuracy of the machine parameters 
estimates, a more reliable approach is to use a HF current 
regulator in the stator converter to make zero the HF component 
of stator windings current [24]-[25]. 
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(22) 
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The rotor position information will now be modulated in the 

HF output voltage, i.e. the output of the HF current controller. 
The HF voltage can be modeled following the same procedure 
used for the HF current in the previous section. The stator HF 
voltage complex vector in a reference frame synchronous with 
the rotor vsdqHF

r  (24), can be obtained from (22)-(23), vsdqHFpc
r  

and vsdqHFnc
r  being the positive and negative sequence vector 

components. vsdqHF
s  is the stator HF voltage complex vector in 

the stator reference frame (25). It is seen from (25) that it is 
possible to estimate the rotor position θr  from either the 
positive or negative sequence components ( vsdqHFpc

s  and 
vsdqHFnc

s ) of vsdqHF
s . 
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Fig. 2b shows the corresponding control block scheme.  
Two resonant controllers (“RES” blocks) are needed now. The 
first one is responsible of HF current injection in the field 
winding, while the second is aimed to force the stator HF 
current to be zero [24]-[25].  Speed and position are estimated 
as described in Section IVa. 

Compared to the implementation without stator HF current 
cancellation, this option has a slightly higher complexity as it 
requires two HF current controllers, but brings two clear 
advantages: 
• Induced losses due to HF signal injection are reduced as 

now the HF current only flows through the field winding, 
modification of (16)-(18) for this case being 
straightforward. 

• Since no HF current flows through the stator windings, 
torque ripple is reduced as now it only results from the 
interaction between isq

r  and ifdHF’  (26). 
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3
2

P
2
3LmdifdHF

' isq
r 4 (26) 

IV. Simulation results  
TABLE I MACHINE PARAMETERS 

URATED (V) IRATED (A) fRATED (Hz) PRATED (kW) ωRATED 

(rpm) 
380 17.5 50 8.1 1500 

Rd (Ω) Ld (H) Lq (H) Lmd (H) Rf ( Ω ) Lfd (H) 
1.62 0.113 0.056 0.108 1.208 0.12 

This section shows simulation results of the two 
implementations being considered.  Table I shows the 
parameters of the simulated machine. 

a) Rotor HF current injection without stator HF current 
cancellation 

Fig. 3 shows simulation results for  the process describe 
following:  
• t=0-5s:  Isq

	r = 0pu and wr=0pu 
• t=5s: Isq

	r  step-like variation from 0 to 1pu (i.e. 17.5A) ; wr 
= 0pu 

a)  

b)  

- isd
s  

- isq
s  

c)  

- vsd
s  

- vsq
s  

d)  

 

e)  

 

f)  

 

g)  

 

Fig. 3.-. Simulation results for “Rotor HF current injection without stator HF 
current cancellation”. a) field winding current, b) stator dq-axis currents, c) 
Stator dq-axis voltage commands, d) estimated speed, e) speed estimation error, 
f) estimated position and g) position estimation error. wHF=2·π·500 rad/s, 
IHF=0.05pu. 



• t=10 - 10.2s: a wr ramp-like variation from 0 to 0.05 pu; Isq
	r  

= 1pu  
• t=15s: Isq

	r  step-like variation from 1 to 0.5pu ; wr = 1pu 
t=20 - 20.2s: wr  ramp-like variation from 1 to 0.0 pu; Isq

	r  = 
0.05pu. 

Fig. 3a shows the field winding current consisting of the 
fundamental field current (i.e. DC) and the HF current. Fig. 3b 
shows the stator dq-axis currents, which is also seen to consists 
of the AC fundamental current and the induced HF current. Fig. 
3c shows the stator dq-axis voltages commands, which in this 
case consist only on the fundamental voltage, i.e. do not include 
any HF component.  Fig. 3d shows the estimated speed, while 
Fig. 3e shows the speed estimation error.  Fig. 3f shows the 
estimated position, while Fig. 3g shows and the position 
estimation error, which is seen to be <0.01 rad.   Peak-to-peak 
errors in the estimated speed and position for the different 
operating conditions are summarized in Table II.  It can be 
observed that the speed error is <0.35 rad/s and the position 
error is <0.016 rad, the error being almost insensitive to load 
level, rotor speed Isq

	r , and wr. 
TABLE II sIMULATION RESULTS: ROTOR HF CURRENT INJECTION WITHOUT 

STATOR HF CURRENT CANCELLATION 
 ωr =0.05 pu, Isd

 r =0 pu, IHF
 

 =0.1 pu, wHF=2·π·500 
rad/s 

Isq
 r  (pu) 

0 0.25 0.5 1 
werror (rad/s) (pk-to-pk) 0.31 0.33 0.34 0.35 
𝜃error (rad) (pk-to-pk) 0.010 0.011 0.012 0.009 
 Isdq

 r =0 pu, IHF
 

 =0.1 pu, wHF=2·π·500 rad/s 
ωr (pu) 

0 0.05 0.1 
werror (rad/s) (pk-to-pk) 0.31 0.34 0.33 
𝜃error (rad) (pk-to-pk) 0.009 0.011 0.010 
 ωr =0.05 pu, Isdq

 r =0pu, wHF=2·π·500 rad/s 
IHF (pu) 

0.05 0.1 0.15 
werror (rad/s) (pk-to-pk) 0.32 0.35 0.31 
𝜃error (rad) (pk-to-pk) 0.016 0.012 0.012 

TABLE III SIMULATION RESULTS: ROTOR HF CURRENT INJECTION WITH 
STATOR HF CURRENT CANCELLATION 

 ωr =0.05 pu, Isd
 r =0 pu, IHF

 
 =0.1 pu, wHF=2·π·500 

rad/s 
Isq
 r  (pu) 

0 0.25 0.5 1 
werror (rad/s) (pk-to-pk) 0.49 0.51 0.51 0.53 
𝜃error (rad) (pk-to-pk) 0.013 0.012 0.017 0.015 
 Isdq

 r =0 pu, IHF
 

 =0.1 pu, wHF=2·π·500 rad/s 
ωr (pu) 

0 0.05 0.1 
werror (rad/s) (pk-to-pk) 0.49 0.48 0.48 
𝜃error (rad) (pk-to-pk) 0.02 0.019 0.018 

b) Rotor HF current injection with stator HF current 
cancellation 

Fig. 4 shows simulation results for this operating mode 
under the same working conditions as for the previous case.  
Control and signal processing are the same as shown in Fig. 2b.  
It can be observed from Fig. 4b that stator dq-axis currents 
consist in this case only of the AC fundamental current, no HF 
current being present.  It is also observed from Fig. 4c the dq-

axis voltages consist of the AC fundamental voltage and the 
resulting HF voltage to cancel the stator HF current.  It can be 
observed from Fig. 4d-g that the steady state speed and position 
estimation errors are in the same range as in the “Rotor HF 
current injection without stator HF current cancellation” mode, 
see Fig. 3. 

Simulation results for the different scenarios are 
summarized in Table III.  As in the previous implementation, it 
is observed that the estimated position error is almost 
independent of Isq

	r  and wr.  Both the estimated speed error and 
estimated position error are observed to be in the same range as 
when no stator HF current cancellation is applied.  
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Fig. 4.-. Same simulation results as Fig. 3 but for “Rotor HF current injection 
with stator HF current cancellation” implementation. 



V. Conclusions 
This paper proposes the use of HF signal injection for 

sensorless control of WRSMs. Two different implementations 
are analyzed. In both cases a HF current is injected in the field 
winding; either the induced stator HF current or the HF voltage 
can be used therefore for rotor position estimation.  By injecting 
a injecting a HF current in the field winding the estimation 
becomes insensitive to the rotor field winding impedance. 
Implementation based on the induced stator HF voltage has 
been shown to result in lower induced loss due to HF signal 
injection, and is also insensitive to the stator HF impedance. 
This is at the price of a slightly increase of the implementation 
complexity. Simulation results have been provided to confirm 
the viability of the proposed methods. 
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