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Abstract--High Frequency Injection (HFI) is an alternative 

method to estimating Permanent Magnet Synchronous Motor 
(PMSM) rotor position using magnetic saliency. Once the 
maximum fundamental electrical frequency and the power 
converter switching frequency are set, the HFI voltage amplitude 
tuning is generally based on trial and error. This paper proposes 
a methodology to select the appropriate high frequency signal 
injection voltage amplitude for rotor position estimation. The 
technique is based on an analytical model taking into account the 
noise in the voltage supply to derive the resulting currents 
containing the information on the rotor position.  This model 
allows setting the injection voltage amplitude that leads to the 
maximum acceptable position error for a given Signal to Noise 
Ratio (SNR) and a speed range. The approach is validated with 
the analytical and the global drive models through extensive 
simulations. Experimental results on a 1.1kW PMSM drive 
confirm the interest of the proposed solution. 
 

Index Terms--AC motor drives, Rotor Position Estimation, 
Gaussian noise, Signal-to-noise ratio, Permanent Magnet 
Synchronous Motor (PMSM). 

NOMENCLATURE 
θr ,θ̂r : Actual and estimated rotor electric position (rad). 
θ  : Rotor mechanical position (rad) 
Ld ,Lq : d and q-axis stator inductances respectively (H). 

Rs: Stator resistance (Ω). 
Va, Vb ,Vc: Voltages in the (a,b,c)reference frame (V).  
Vα ,Vβ , iα , iβ  : Voltages and currents in the Clark (α,β)reference frame.  

Vd ,Vq , id , iq  : Voltages and currents in the Park (d,q) reference frame.  

ψα ,ψβ : Fluxes in (α,β) frame (Wb). 

ψ d ,ψ q : Fluxes in (d,q) frame (Wb). 

ψ m : Rotor flux due to the permanent magnets (Wb) 
wr : Electrical rotor speed (rad/s).  
Ω, Ω̂ : Actual and estimated rotor speed (rad/s). 
Ωref: Rotor speed reference (rad/s). 
ρ : Derivative operator d/dt. 

fi :Injection frequency (Hz), .(rad/s), ω i = 2π fi  
Vsi: High frequency injected carrier voltage (V). 
Vm: Maximum voltage amplitude (V). 
n1, n2, n3: Additive noise amplitudes in (a,b,c) reference frame (V). 
SNR : Signal-to-Noise Ratio (dB) 
AWGN: Additive White Gaussian Noise  
σ

2
: Variance 

µ : Mean value. 
PSD: Power Spectral Density. 
εθ = θr − θ̂r :  Rotor position error (rad). 

εAM  : Rotor position error of the analytical model (rad). 

εGM  : Rotor position error of the global model (rad). 
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I.  INTRODUCTION 

PERMANENT magnet synchronous motors (PMSMs) have 
good performances such as, high energy density, fast dynamic 
response and good overload capacity. They are widely used in 
a variety of industrial applications, such as industrial robots, 
aeronautics, electric vehicle and machine tools [1-4]. In order 
to achieve high precision and fast dynamic control 
characteristics of PMSMs, an accurate rotor position 
measurement is necessary. This is usually done with a 
mechanical sensor, which will not only bring a cost increment 
but more importantly it might raise reliability issues due to the 
fact that such sensors are delicate and need additional 
electronics as well as extra cabling. Moreover, sensorless 
algorithms, even when using position sensors, are useful in 
case of any failures, as it may be used as a redundant sensor 
and therefore a fault tolerant control can be achieved. 
Therefore, there has been a high research activity focused on 
eliminating the position sensors mounted on the rotor of the 
PMSM machines to obtain the rotor position information 
indirectly [5-7]. 

In general there are three strategies. The first one is the 
knowledge-based (such as artificial intelligence, genetic 
algorithms, fuzzy logic, etc.) [8-10]. These methods suffer 
from the need of data recorded on the process to train the 
networks. The second one is physical-model based approach 
such as observers and estimators (MRAS, Luenberger, 
Extended Kalman Filter, Sliding Mode Observer, Differential 
Algebraic, etc.) [11-13].  

These methods are mostly efficient for high speeds and 
have the disadvantages of heavy computation, especially when 
facing non sub-optimal Kalman Filters. They mainly suffer 
from the modeling errors or assumptions. For these reasons, 
significant research efforts have been conducted to develop 
alternative methods such as high frequency signal injection 
[14] as displayed in Fig.1.  
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Fig.1. PMSM drive with high frequency voltage injection and noise addition 
 
Even if it requires a PMSM with magnetic saliency, this 
approach seems promising particularly at low speed where the 
other methods usually fail 
 

II.  HIGH FREQUENCY INJECTION AND PROBLEM STATEMENT 
 

A.  High frequency injection principle 

The technique consists in injecting either a pulse or a 
sinusoidal test signal in order to be able to track the existing 
magnetic saliency without introducing torque ripples. 
The main issues are on the selection of the pulse shape, the 
frequency and the voltage amplitude. In the following, we 
focus on sinusoidal excitation. On one hand, the frequency 
is usually set in a range 10 times higher than the maximum 
fundamental frequency and 10 times lower than the power 
converter switching frequency. On the other hand, the 
voltage amplitude selection is somehow a random process. 
Too low voltage amplitude will not generate enough current 
and if the amplitude is too high, undesirable torque ripples 
will appear.  
The injection of a rotating high frequency (HF) voltage for 
saliency tracking has been proposed by several authors [15-
17]. Several methods using analog filters and frequency shifts 
may be used to isolate the rotor position information. In [18], 
it is shown that the rotor position estimator for salient-pole 
PMSM is given by using only one low-pass filter. In our 
study, the position estimation is derived from a high frequency 
current injection by using three filters (a low-pass Filter (LPF) 
a high pass filter (HPF) and a band pass-filter (BPF), and the 
position estimation bias is cancelled thanks to a phase 
compensation scheme. A brief review of this process is 
displayed in Fig.2 [19-22].   
  
  

  
Fig.2.  Synchronous  filters  for  demodulation  of  HF  currents.  
 

B.  Noise Effect Analysis and paper’s contribution 
 
Usually the HFI voltage amplitude is set by trial and tuned 

so as to have accurate position estimation after the 
demodulation. Our approach consists in determining with a 
theoretical approach how to set the minimum value of the HFI 
voltage amplitude that still guarantees good position 
estimation despite the noise level due to the inverter and the 
application environment. 
This is done through an analytical model that will be presented 
in the paper. And to evaluate the noise effect with this 
theoretical approach, the AWGN is the most popular and usual 
noise model as it consists in adding a noise with a constant 
power all over the spectrum without emphasizing any 
particular frequency.  
 
In the following, global model is denoted as the model 
including the PMSM, the field oriented control, the load, the 
high frequency injection and demodulation modules and the 
AWGN as displayed in figure 1. 
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Fig. 4 Rotor position errors with the global model (in electrical radian) 
 
It will be used as the reference to evaluate the analytical model 
developed in the following section. The environment is noisy 
due to the inverter switching and all the other perturbations 
[23-25]. This can be taken into account by considering the 
Signal to Noise Ratio (SNRdB) defined as: 

( )
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10 log 1

⎛ ⎞
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noise
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Where σ2 is the variance. Both signal and noise power must be 
measured at the same or/and equivalent points in a system, and 
within the same system bandwidth.  
To illustrate the noise effect on the studied system, a 
simulation of the PMSM drive has been done with an 
estimator based on high frequency injection (HFI). The 
comparison is made between an ideal case with a very high 
SNRdB;; meaning there is no noise (Fig3.a) and a noisy 
environment with an SNRdB of 40dB (Fig3.b), a usual value in 
electrical systems. 
Fig.3 displays the actual and estimated rotor position. Fig.4 
shows the absolute value of the estimated rotor position error. 
We can clearly see the negative influence of the noise in the 
estimation performance. Of course increasing the voltage 
amplitude will improve the result but to what extent? 

On the other hand, the injection voltage value should be 
kept to a minimum because it introduces additional losses. 
However, a very small, and therefore ideal, injection value 
would threaten the quality of the estimation due to the noise, 
as it has been pointed before. Therefore, a clear compromise 
exists in setting such value. Traditionally, such compromise 
has been solved with a trial and error process at the 
experimental stage. Rather than proposing a variation on, or an 
improvement of the well-known HF injection technique [14-
20], this paper establishes new criteria to conveniently set the 
injection voltage amplitude taking into account the noisy 
environment. Also, the contribution relies on the fact that such 
voltage amplitude value is discussed in a more analytical 
approach surpassing the experimental trial an error traditional 
methodology. The paper is organized as follows: in section III, 
the analytical model of the PMSM under high-frequency 
voltage excitation including the noise is established to derive 
the resulting injection currents. In section IV, the model is 
evaluated through intensive simulations and the results are 
compared to those obtained with the whole drive simulation. 
In the fifth section, we present experimental implementation 
of this HFI estimator and the comparison with simulation 
results. Finally a conclusion closes the paper. 

III.  DYNAMIC ANALYTICAL HFI-PMSM MODEL 
For all injection methods to work, a minimum saliency level is 
needed. Injection techniques are more straightforward for 
salient machines such as interior PMSM than for Surface 
mount PMSM, which only possess a small saliency due to 
magnetic saturation caused by the permanent magnet. This 
makes the technique prone to interference from distorting 
effects such the converter non-linearities [23-25] in addition to 
spatial field non-linearities in the machine [6, 7]. 
When a high frequency voltage is applied to the machine 
windings, the resulting high frequency current signal contains 
the rotor position information. By demodulating those 
currents, the rotor position can therefore be estimated. 
The analytical model includes the additional noise to the 
voltage supply and computes the resulting high frequency 
injected currents. 

A. Analytical Model of the PMSM with HFI 
The stator voltage model in the rotor reference frame for a 

PMSM is given by: 

Vd
Vq

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
=

Rs 0

0 Rs

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

id
iq

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
+

ρ −wr
wr ρ

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

Ψd

Ψq

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥    (2) 

Where ρ is a differential operator. The magnetic flux is 
given by: 
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Transforming (2) into the stationary reference frame (wr=0) 
results in the following stator voltage equations: 
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 (4) 
The high-frequency injection voltages with constant amplitude 
and angular frequency ωi are described as follows [5, 21]. 

 
 
 

 
 

Fig.3. Actual and estimated rotor positions with the global model (in 
electrical radian) 
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For high frequency signals the stator resistance and the effects 
of the permanent magnet flux linkages can be neglected. A 
PMSM has a small saliency mainly due to stator saturation 
from the main magnets.  
After applying a band pass filter centered at the HFI 
frequency, the following currents are obtained [19, 21, 22]: 
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In order to extract the angle information contained in the 
negative sequence component Ii1, the synchronous filter signal 
processing steps detailed in Fig. 2 have to be applied. By 
doing the Park transformation with a rotating frequency equal 
to minus the injected one (-ωi/2π), the novel currents are:  
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A high pass filter is then applied to (8) obtaining: 
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To move the angle information back to the fundamental 
reference frame the Park transform is applied with a rotating 
frequency equal to (+2ωi/2π), and the information appears as 
follows: 
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Finally to estimate the electrical angle the arctangent function 
must be applied: 
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Depending on the quality of the estimation and the overall 
bandwidth an additional low pass filter may be applied, as Fig 
2 illustrates. 
 

B. HFI Model for Position Estimation in Noisy 
Environment 

Now we assume that an AWGN (Additive White Gaussian 
Noise) is superimposed to the three phase voltages as follows: 
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Where: 1 2 3n n n≠ ≠  

After transforming the balanced high frequency voltage from 
the (a,b,c) frame to the two-phase reference frame we obtain:  
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Combining (6) and (12), the analytical model is derived to 
compute the resulting derivatives of the currents: 
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In (13), with no noise (Nα = Nβ = 0), one can find the usual 
model of the HFI and demodulating the currents gives access 
to the rotor position.  In (13), one can also notice that the noise 
clearly corrupts the rotor position estimation. Fig. 5 shows 
how the analytical model is used to evaluate the rotor position 
estimation.  

  

  
Fig.5. Estimation of the PMSM rotor position using the Analytical Model of 
the HFI in Noisy Environment.   
 

 
 

 
 

Fig.6. Actual and estimated rotor position with the analytical model (in   
electrical radian) 
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Fig.7. Rotor position errors with the analytical model (in electrical radian) 
 
This is confirmed by the results displayed in Fig.6b. This 
analytical model is a useful tool to evaluate the impact of the 
noise on the rotor position estimation quality. 
 
Fig.6 displays the actual and estimated rotor position with the 
analytical model. Fig.7 shows the absolute value of the 
estimated rotor position error in semi-log scale. 

IV.  SIMULATION RESULTS 

A.  Analytical Model Results 
The simulations are performed with Matlab–Simulink®.The 
parameters of the PMSM are listed in Table I.  
The operating point is set in the low speed region (Ω<10%Ωn] 
at no load, where Ωn is the nominal speed in rad/s. 
The HFI signal voltage is set in the range of [0, 10%Vm], 
where Vm=12V. 
 

TABLE I 
Surface Mount PMSM Characteristics 

 
Fig. 8 shows the performances of the speed and position 
tracking obtained with the analytical model when the reference 
speed is changed from (+10 rad/s) to (–10 rad/s). 
 

 
 

 
 

 
Fig.8. Simulation results with the analytical model during a speed reversal 

test. 
 

B.  Comparison between Global and Analytical Models 
Figs.9 and 10 show the influence of the voltage amplitude 

(expressed as a percentage of Vm) on the position error for 
different SNRdB levels with the analytical and the global model 
respectively.  

The error between the actual and the estimated position is 
computed as follows: 

εAM =εGM =θr − θ̂r             (14) 
 

 
Fig.9.Effect on the position error signal obtained with the analytical model in 
noisy environment (in electrical radian). 

 
Simulation results for both models show that the increase of 

the injected voltage amplitude in the noisy environment 
significantly improves the performance of the HFI for the 
rotor position estimation. The discrepancies of roughly (5dB) 
are due to the differences between the two models. Let’s recall 
that the global model includes the speed and current control 
loops of the PMSM model while the analytical model is a 
straightforward relation of the resulting injected currents.  

 

Symbol Definition Value 
 

Pn Nominal power 1.1 kW 
Ωn Nominal speed 356 rad/s 
Tn Load torque 3.2 Nm 
P Pole pairs 3 
In Nominal current 5.9 A 
Rs Stator resistance 1.65 Ω 
Ld d axis inductance 3.5 10-3 H 
Lq q axis inductance 4.5 10-3 H 
Ψm Magnetic flux 154 10-3Wb 
f Viscous friction 509 10 -3 Nm/rad 
J Moment of inertia 6.4 10-3 kg/m² 
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Fig.10.Effect of on the position error signal obtained with the global model in 
noisy environment (in electrical radian). 

 
For both models, the error decreases significantly from 

around SNRdB=55dB if the injected voltage amplitude is high 
enough (6.7% and 10% of Vm). It allows a better estimation of 
the rotor position. The differences between the two models for 
high SNR values is due to the numerical effects of the 
simulation in the global model that includes the vector control 
and the PMSM model. The main advantage of the analytical 
model is the short computation time compared to the global 
model. Therefore it can be used to evaluate quickly the 
efficacy of the voltage injection for rotor position estimation. 
The flowchart depicted in Fig.11 describes the proposed 
approach.  

For a given speed range and injection frequency, the user 
specifies the SNR and the maximum acceptable rotor position 
estimation error (for his application and thanks to the 
analytical model, the injection voltage amplitude is set 
appropriately. One way to evaluate the SNRdB is described in 
Fig.12. The low pass (LPF) and high pass (HPF) filters are 
tuned so as to respectively include and reject the injected 
fundamental frequency (the maximum being 170Hz in our 
application). The SNR is computed with (1) after the 
determination of the Power Spectral Density (PSD). 

 
Fig.11. Flowchart of the injection voltage setting 
 

 
Fig.12. SNR computation process. 
 
In the next section, the experimental validation of our 
approach is presented. 

V.  EXPERIMENTAL RESULTS 
The nominal controller based on the standard vector control 

and the estimator HFI are implemented on a PMSM drive as 
displayed in fig. 13 with the parameters shown in Table I, 
using Matlab–Simulink ® and downloaded in a dSpace® 1103 
board. The current control algorithm is carried out every 
100µs, and the speed control loop is carried out every 1ms. 

 

 
Fig.13. Laboratory test bed. 

 
The inverter switching frequency is 20 kHz and the DC bus 
voltage is set at 200V. 
The operation point is set at no load with a mechanical speed 
of 31.4 rad/s (corresponding to 10% of the motor maximal 
speed). 
The amplitude of the HFI voltage is set manually through the 
graphical user interface of Control Desk® and the measured 
and estimated rotor position are computed as shown in Fig.1.  
The results are displayed in fig.14 with different amplitudes of 
the voltage. We can notice clearly the improvement of the 
position estimation as the voltage increases.  
 
For comparison purpose, considering 2s of time duration, 
mean values and variances of the estimation errors for the 
analytical model, the global model and the experimental drive 
are displayed in Table II. 
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a.  Vsi=0.8%Vm                                                                                          b. Vsi=3.3%Vm 

 
 
 

 
 

c. Vsi=6.7%Vm                                                                                          d.  Vsi=10%Vm 
 

Fig.14. Actual, estimated and errors rotor position under different voltages levels injection (all angles are in electrical radian)

 
TABLE II 

Characteristics of the estimation errors 

 

From these results, we can notice: 
- All the values are in the same order of amplitude; 
therefore the analytical model is a relevant approach in 
setting the HFI voltage amplitude. 
- The more the voltage increases; lower are the mean 
value and the variance of the estimation errors. 

 

! Vsi  
(%Vm) 

 0.8 3.3 6.7 10 

 
Analytical 
Model 

µ 14e-2 5e-2 -1e-3 -1e-3 

σ2 11.7 8.9 3e-4 3e-4 

 
Global 
Model 

µ 12e-2 -6e-2 -15e-4 -4e-4 

σ2 15 6.25 6e-4 3e-5 

 
Experiment 

µ -94e-2 -13e-2 -7e-2 -4e-2 
σ2 7.64 5.21 7.9e-4 3.9e-4 

!



 8 

 
Fig.15. Mean value of position errors (in electrical radian) for SNR=62dB. 
 
Fig.15 displays the estimation errors mean value. However, 
one can also notice that the injected voltage (from 6.7% 
to10%) led to an improvement of the estimation at the 
detriment of higher injected currents and torque ripples. The 
consequence is the reduction of the efficiency despite a better  
 

 
Fig.16. Stator torque current at 31.4 rad/s. 
 
position estimation accuracy. This is confirmed by the 
oscillation in the torque current as displayed in Fig.16. 
A summary of its experimental mean values and variances are 
displayed in Table III.  
 

TABLE III 
Characteristics of the iq component 

 
 
However the speed estimation is still accurate with fewer 
ripples as it can be seen in Fig.17.  
 

 
Fig. 17 Measured and estimated speeds 
 
Looking at fig.18, one can notice that for the same position 
estimation error, the HFI voltage amplitude can be decreased 
as the speed increases from 1 (0.33% Ωn) to 31.4rad/s (10% 
Ωn). 

 
Fig.18. High Frequency Injection voltage amplitude 
 
To improve the estimation of the HFI, it is necessary to 
evaluate the robustness against load torque variations and 
speed reversal.  
 

 

 

!

Vsi 
(%Vm) 

 0.8 3.3 6.7 10 

 
Experiment 

µ 0.37 0.37 0.38 0.38 

σ2 2.8e-7 3.2e-6 1.1e-4 2e-3 
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Fig.19. Experimental results during a speed reversal test under load torque. 
 
Fig.19 displays the experimental results with a time varying 
speed reference from +10 to -10 rad/s and a step resistive 
torque of 0.5Nm (produced by setting the powder brake 
current) applied in the time ranges [2.3s - 4.5s] and [6.3s – 
8.3s] is added to the friction torques. These results show the 
performances of the mechanical rotor speed and rotor electric 
position tracking capabilities of the HFI. The position error 
estimation varies in the ±0.3 electrical radian range 
(corresponding to ±0.1 radian for the mechanical angle), 
which is an acceptable error to further close the loop. 
However, it must be pointed that the load dependent error, 
which can be easily compensated for, has not been 
implemented in the present experimentation. This is why the 
error changes whenever there is a change of load. 
. 

VI.  CONCLUSION 
In this paper, we have proposed a methodology to set 
efficiently the voltage amplitude of the high frequency 
injected signal in PMSM drive for rotor position estimation. 
The main contribution is the development of an analytical 
model including the voltage supply noise ratio to derive the 
resulting injection currents. This model allows determining the 
appropriate HFI voltage level for a given SNRdB and a 
required maximum position error. The overall improvement is 
a reduction of the resulting injection currents that lead to a 
better efficiency and a lower rate of torque ripples. The HFI 
scheme becomes more attractive for sensorless application or 
as a redundant position sensor in a fault tolerant strategy.  
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