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Abstract: The authors of the paper present the high-frequency synchronous voltage 

injections-based sensorless vector control method on an interior permanent magnet 

synchronous machine (IPMSM). For development and testing purposes a lumped-parameter, 

saturating machine model was created and will be presented, which also involves cogging 

torque effects. The presented machine model runs faster than the coupled simulations 

allowing to develop the control algorithms much faster. The machine model was obtained by 

combining the finite element method (FEM) analysis’s results with the space vector-based 

equations. The sensorless algorithm will be detailed, followed by the proposed estimator 

structure. The authors present a new dynamic model for the PLL-based synchronous 

injection estimator, making possible to tune its PI controller. Parameter sensitivity and 

stability analysis will be presented, based on the proposed estimator structure and FEM 

analysis results. Simulation result are presented, compared, and validated by experimental 

measurement results. 

Keywords: Vector Control; Permanent Magnet Synchronous Machine; Sensorless Control; 

High-Frequency Signal Injection 

1 Introduction 

The vector control algorithms of AC drives have an important common property; 

all of them require the common coordinate system’s angle. This angle can be 

obtained using a shaft angle encoder or with a sensorless algorithm. In case of shaft 

angle encoder, the property and the dynamics of the encoder highly influence the 

drive control method. The main differences are usually the sensing capabilities of 

the encoder, meaning whether is it able to provide absolute or relative angle. 

Another can be the sensing principle of the selected encoder which usually defines 
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whether the encoder is shaft-mounted or contactless. Nevertheless, the 

communication interface of the encoder must be taken into account during the 

selection process. 

A sensorless vector control methods try to eliminate, or supplement the speed 

encoder in the controlled electric drives. The combination of the sensored and 

sensorless methods can be beneficial in many aspects. First, the system’s safety 

level can be increased, and the sensorless method can be used as a backup algorithm 

if the physical encoder fails, on the other hand cheaper encoders can be used, and 

their disadvantageous properties can be compensated with the sensorless method. 

A good example can be an incremental encoder, which is not able to provide 

absolute angle information during the initial state of the drive system. This can be 

compensated with a sensorless method, which is capable finding the initial angle, 

and also providing accurate results in the low-speed regions. 

Among the sensorless methods, the high-frequency injection methods try exploiting 

the magnetic anisotropies coming from the machine’s design. These injection-based 

solutions can provide good performance in low-frequency regions, where many of 

the sensorless methods fail [1], [2]. Since most of the controlled electric drives 

involve a voltage source inverter, therefore voltage injection is an obvious choice. 

Based on the place of injection rotating and synchronous methods can be 

distinguished. The first solution adds test signals to the terminal voltages in the 

stationary reference frame [3] - [5]. The common coordinate system’s angle is 

calculated from the measured current response, using a chain of filters and 

additional compensation algorithms. The synchronous injection methods add test 

signals in the estimated common coordinate system [6] - [8], in which coordinate 

system the signal processing is implemented. This usually involves a low-pass filter 

(LPF) and a phase-locked loop (PLL). 

The properties of the selected sensorless method must be taken into account during 

system design. Since the injection-based methods are expected to be applied at low 

angular speed region, basically two main challenges must be solved. One of them 

is the initial angle estimation, which is necessary if the encoder, on which the vector 

control depends at higher angular speed regions, is not capable of providing 

absolute angle information. This can be achieved without rotating the motor [9], 

[10] which usually requires the motor parameters, or during rotation, with a 

vibration method [11] - [13]. The other challenge is the transition between the 

sensorless and sensored vector control. 

Based on the authors previous works the multiphysical approach provides optimal 

design of the drive system [14], [15]. The integration of the FEM analysis results in 

the drive control algorithm development provides more precise machine 

parameters, which can be taken into account in the form of look-up tables depending 

on the actual current, temperature or frequency. On the other hand, these results 

allow seeking the limitation and boundaries of stability of the applied control 

method. 
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The authors investigate the high-frequency, synchronous voltage injection method 

applied on PMSMs. The research of the method requires a machine model, which 

was obtained as a combination of the FEM analyses results and the machine’s space 

vector-based differential equations. The authors motivation with this modeling 

approach was to obtain a fast running, and yet precise enough modeling of the 

custom designed PMSM. The machine modeling and its steps are presented in 

Section 2. 

This is followed by the detailed description of the high-frequency synchronous 

voltage injection method in Section 3. The investigated estimator structure is based 

on a Phase-Locked Loop (PLL). During the modeling and also the literature 

overview the authors realized that no proper description of the PLL’s PI controller’s 

tuning was published or detailed. In this paper, the authors present a new dynamic 

model making possible the tuning of the PLL-based estimator structure.  Since the 

machine’s FEM analysis was carried out in the previous section, the authors used 

its results and combined it with this new, proposed dynamic model. With the 

combination of these two, the authors were able to investigate deeper proposed 

method’s limitations including stability analysis for the estimator structure’s 

controller. 

Section 4 presents the simulation and experimental measurement results.  

The sensorless control method, along with the machine model was validated with 

the experimental drive setup, developed by the authors. The whole control software 

investigation was carried out using the model-based development methodology, 

where the same model was used for the simulations and also for the embedded 

software development. 

2 FEM Analysis and Modeling of PMSM 

The target of the analysis was to obtain the machine parameters in the form of look-

up tables. These results were used to create a machine model, which involves 

saturating effects. Such machine model offers significantly faster simulation speed 

compared to coupled simulations with enough accuracy and precision for the drive 

control algorithm development. The obtained FEM results were also used to 

investigate the applied algorithms limitations and stability, which are presented in 

Section 3. 

2.1 Finite Method Analysis 

The performed rotating machine analysis was the combination of measurement data 

evaluation and finite element method (FEM) analysis, so standard no-load and 

nominal load and short-circuit measurements were performed on the custom 

designed PMSM. Table 1 summarizes the motor parameters and their source. 
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Table 1 

Permanent Magnet Synchronous Machine Design Parameters 

Parameter Value Source 

𝑃𝑛 2𝑘𝑊 Design parameter 

𝑈𝑛 330𝑉 Design parameter 

𝐼𝑛 3.5𝐴𝑅𝑀𝑆 Nominal load measurement 

𝑛𝑛 3000𝑅𝑃𝑀 Design parameter 

𝑅 2.71 Ω RLC measurement 

Ψ𝑝 0.335 𝑉𝑠 No-load measurement 

𝑝 2 Design parameter 

𝐽 0.0036 𝑘𝑔𝑚2 Design parameter 

𝐹 0.0011 𝑁𝑚𝑠 Design parameter 

The inputs of the FEM analysis were the known motor topology including the 

applied materials and winding scheme. In the first step the 𝒅 − 𝒒 axes fluxes were 

calculated, which are the functions of direct-axis 𝒊𝒅 and quadrature-axis 𝒊𝒒 currents. 

During the analysis, and later in the space vector-based machine model, the 𝒅 axis 

was bound to the rotor's circumferential flux density distribution's positive peak. 

In the flux calculation’s first setup, the rotor was set into 𝛼𝑒𝑙𝑒𝑐 = 0𝑑𝑒𝑔𝑒  position, 

as shown in Fig. 1(a), to calculate the 𝑑 axis flux 𝛹𝑑(𝑖𝑑 , 𝑖𝑞). In the second setup the 

rotor was positioned in 𝛼𝑒𝑙𝑒𝑐 = 90𝑑𝑒𝑔𝑒   direction, as shown in Fig. 1(b), in order 

to calculate progression of 𝑞 axis flux Ψ𝑞(𝑖𝑑 , 𝑖𝑞). For both cases all the possible 𝑖̅ =

𝑖𝑑 + 𝑗𝑖𝑞 combinations were examined on the [−2𝐼𝑛  2𝐼𝑛] current interval with 𝛥𝑖 =

0.4𝐴  resolution, and the result are shown in Fig. 3(a) and (b) for the selected 

machine. 

 

 
(a) (b) 

Figure 2 

Flux and inductance calculation in (a) 𝛼𝑒𝑙𝑒𝑐 = 0𝑑𝑒𝑔𝑒  direction alignment, (b) 𝛼𝑒𝑙𝑒𝑐 = 90𝑑𝑒𝑔𝑒  

direction alignment 
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With the known progression of 𝛹𝑑(𝑖𝑑 , 𝑖𝑞) and 𝛹𝑞(𝑖𝑑 , 𝑖𝑞) fluxes the self- and cross-

coupling inductances could be calculated [16], [17]. Since the fluxes are calculated 

discrete points, the partial derivative’s approximation was used in the post process 

calculations, so 

𝐿𝑑(𝑖𝑑 , 𝑖𝑞) =
∂Ψ𝑑(𝑖𝑑,𝑖𝑞)

∂𝑖𝑑
≈

ΔΨ𝑑(𝑖𝑑,𝑖𝑞)

Δ𝑖𝑑
|

𝑖𝑞= const. 

 ,    (1) 

𝐿𝑑𝑞(𝑖𝑑 , 𝑖𝑞) =
∂Ψ𝑑(𝑖𝑑,𝑖𝑞)

∂𝑖𝑞
≈

ΔΨ𝑑(𝑖𝑑,𝑖𝑞)

Δ𝑖𝑞
|

𝑖𝑑= const. 

,    (2) 

𝐿𝑞(𝑖𝑑 , 𝑖𝑞) =
∂Ψ𝑞(𝑖𝑑,𝑖𝑞)

∂𝑖𝑞
≈

ΔΨ𝑞(𝑖𝑑,𝑖𝑞)

Δ𝑖𝑞
|

𝑖𝑑= const. 

,     (3) 

𝐿𝑞𝑑(𝑖𝑑 , 𝑖𝑞) =
∂Ψ𝑞(𝑖𝑑,𝑖𝑞)

∂𝑖𝑑
≈

ΔΨ𝑞(𝑖𝑑,𝑖𝑞)

Δ𝑖𝑑
|

𝑖𝑞= const. 

.    (4) 

where 𝐿𝑑  is the direct axis self-inductance, 𝐿𝑑𝑞  is the quadrature-to-direct axis 

cross-coupling inductance, 𝐿𝑞  is the quadrature axis self-inductance and 𝐿𝑞𝑑  is the 

direct-to-quadrature axis cross-coupling inductance. Based on these calculations the 

nominal values of 𝐿𝑑 and 𝐿𝑞 are 15.06 𝑚𝐻 and 36.23 𝑚𝐻  respectively. 

The machine's torque profile was calculated over two pole pitches on the 

[0 2𝐼𝑛] interval with 𝛥𝑖 = 1𝐴  and 𝛥𝛼𝑒𝑙𝑒𝑐 = 1𝑑𝑒𝑔𝑒 resolutions and its results are 

shown in Fig. 3(g). 

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

 

(g) 

Figure 3 

FEM analysis results (a-b) progression of fluxes (c-f) progression of fluxes inductances (g) torque 

profile 

The cogging torque of the motor was modelled as the difference of the FEM 

calculated torque and the saturating lumped-element model’s torque. In the machine 

model it was taken into account using a look-up table, which is the function of 

current amplitude and actual electric rotor position, as shown in Fig. 4.  

The intermediate points were calculated with interpolation. The peaks in the 

modelled cogging torque can be observed around the reluctance torque’s peak and 

also in highly saturated cases. These deviations come from the inaccuracy of the 

FEM software’s calculation since the motor parameters were derived from its 

results. 

 

Figure 4 

Cogging toque lool-up table in a function of current amplitude and electric angle 
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2.2 Mathematical Model of Permanent Magnet Synchronous 

Machine 

Equations (5)-(8) show the system of equations, which models the machine in the 

𝑑 − 𝑞 frame, whilst Fig. 5 shows the space vector-based equivalent circuit of the 

machine. In this figure �̿� denotes the 2 × 2 diagonal stator inductance matrix, which 

contains the 𝑑- and 𝑞-direction inductances and cross-coupling inductances that 

were obtained using FEM analysis and which are shown in Fig. 3(c-f). 

 

Figure 5 

Equivalent circuit of permanent magnet synchronous machine 

𝑢𝑑 = 𝑅𝑖𝑑 + 𝐿𝑑
𝑑𝑖𝑑

𝑑𝑡
+ 𝐿𝑑𝑞

𝑑𝑖𝑞

𝑑𝑡
− 𝜔𝛹𝑝

(𝐿𝑞𝑑𝑖𝑑 + 𝐿𝑞𝑖𝑞) ,    (5) 

𝑢𝑞 = 𝑅𝑖𝑞 + 𝐿𝑞
𝑑𝑖𝑞

𝑑𝑡
+ 𝐿𝑞𝑑

𝑑𝑖𝑑

𝑑𝑡
+ 𝜔𝛹𝑝

(𝐿𝑑𝑖𝑑 + 𝐿𝑑𝑞𝑖𝑞 + 𝛹𝑝) ,   (6) 

𝑚 =  
3

2
𝑝 ((𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞 + 𝐿𝑑𝑞𝑖𝑞

2 −  𝐿𝑞𝑑𝑖𝑑
2 + 𝛹𝑝𝑖𝑞) + 𝑚𝑐𝑜𝑔 ,  (7) 

𝛩
𝑑𝜔

𝑑𝑡
= 𝑚 − 𝑚𝑙 − 𝐹𝜔 ,       (8) 

where 𝑢𝑑 and 𝑢𝑞 are the real and imaginary parts of the corresponding voltage space 

vector, 𝑅 is the stator resistance, 𝑖𝑑 is 𝑖𝑞  are the real and imaginary parts of the 

corresponding current space vector, 𝑚𝑐𝑜𝑔  is the cogging torque, 𝑚 is the machine’s 

electromagnetic torque, 𝑚𝑙 is the load torque on the shaft,  𝛩 is the rotor’s moment 

of inertia, 𝐹 is the friction loss factor, 𝑝 is the number of pole pairs, 𝜔 is the shaft 

angular speed and 𝜔𝛹𝑝
 is the electric angular speed where 𝜔𝛹𝑝

= 𝑝𝜔. 

3 High-Frequeny Injection Methods on PMSMs 

3.1 High Frequency Synchronous Injection 

In case of high frequency synchronous injection, the test vectors are injected in the 

estimated �̂� − �̂� frame shown in Fig. 6. This figure also explains the angle relations, 

which are used during the modeling process; based on Eq. (9), the angle 
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displacement between the real and estimated coordinate systems is considered 

positive, if the estimated angle lags behind the real one, so 

𝛼𝑒𝑟𝑟 =  𝛼𝛹𝑝
−  �̂�𝛹𝑝

 ,       (9) 

where 𝛼𝛹𝑝
 is pole flux vector’s angle, �̂�𝛹𝑝

 is its estimated value. In the following, 

the hat symbol (   ̂ ) will denote the estimated values, ℎ subscripts will refer to high 

frequency components. 

 

Figure 6 

Angle relations between the real and estimated coordinate systems 

The injected voltages are expected to positive sequence set of harmonic signals, so 

Eq. (10) shows both time and complex frequency domain components, where the 

complex rotating vector was bound to the sine wave. 

[
�̂�𝑑ℎ

�̂�𝑞ℎ
] = [

𝑢ℎsin (𝜔ℎ𝑡)
−𝑢ℎcos(𝜔ℎ𝑡)

] =  [
𝑢ℎ

−𝑗𝑢ℎ
]  ,                (10) 

where �̂�𝑑ℎ and �̂�𝑞ℎ are the injected voltages in the estimated �̂�- and �̂�-directions, 

𝑢ℎ is the amplitude of the injected voltages, 𝜔ℎ = 2𝜋𝑓ℎ, where 𝑓ℎ is the injection 

frequency, 𝑗 is the imaginary unit. 

In a real drive system, the measurements can only be performed in the stationary 

reference frame. Accordingly, the high-frequency stationary current vector 

components can be expressed as follows, 

[
𝑖𝑥ℎ

𝑖𝑦ℎ
] =  �̿�−1 (𝛼𝛹𝑝

) �̿�−1
ℎ�̿�(𝛼𝑒𝑟𝑟) [

�̂�𝑑ℎ

�̂�𝑞ℎ
] ,                (11) 

where 𝑖𝑥ℎ and 𝑖𝑦ℎ are the real and imaginary parts of the corresponding high-

frequency stationary current space vector, �̿�(𝛼) is the rotational operator for any 

given angle, �̿�ℎ is the high frequency impedance matrix of the machine. This 

impedance matrix can be derived from the machine equations Eqs. (5)-(8) and 

should be written in the following form, 
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�̿�ℎ =  [
𝑅 + 𝑗𝜔ℎ𝐿𝑑 − 𝜔𝛹𝑝

 𝐿𝑞𝑑 𝑗𝜔ℎ𝐿𝑑𝑞 − 𝜔𝛹𝑝
 𝐿𝑞

𝑗𝜔ℎ𝐿𝑞𝑑 + 𝜔𝛹𝑝
 (𝐿𝑑 +

𝛹𝑝 

𝑖𝑑
) 𝑅 + 𝑗𝜔ℎ𝐿𝑞 + 𝜔𝛹𝑝

 𝐿𝑑𝑞
] ≈

[
𝑅 + 𝑗𝜔ℎ𝐿𝑑 0

0 𝑅 + 𝑗𝜔ℎ𝐿𝑞
] = [

�̅�ℎ11 0

0 �̅�ℎ22

] .               (12) 

Equation (12) shows that during the modeling some simplifications can be 

performed. The 𝜔𝛹𝑝
𝐿𝑞𝑑 and 𝜔𝛹𝑝

𝐿𝑑𝑞  terms in the main diagonal and also the anti-

diagonal elements can be neglected since their contribution to the current response 

is much smaller than the others’. 

3.2 Signal Processing 

In most cases a Phase-Locked-Loop (PLL) structure is used, which block diagram 

is illustrated in Fig. 7. 

 

Figure 7 

PLL structure used for angle estimation 

In the first step of the estimation, the measurable stationary coordinate system 

currents are transformed into the estimated reference frame. Thereafter, they are 

filtered off using a 𝐵𝑃𝐹 where 𝐵𝑃𝐹 is the abbreviation for band-pass-filter, which 

lets through the current components around the injection frequency region. These 

operations in Eq. (13), which shows the high-frequency components. 

[
𝑖�̂�ℎ

𝑖̂𝑞ℎ
] =  �̿� (�̂�𝛹𝑝

) [
𝑖𝑥ℎ

𝑖𝑦ℎ
] ,                   (13) 

where 

𝑖̂𝑑ℎ = (𝑐𝑜𝑠2(𝛼𝑒𝑟𝑟)�̅�11 + 𝑠𝑖𝑛2(𝛼𝑒𝑟𝑟)�̅�22)�̂�𝑑ℎ 

+ sin(𝛼𝑒𝑟𝑟) cos(𝛼𝑒𝑟𝑟) (�̅�11 − �̅�22) �̂�𝑞ℎ ,                (14) 

𝑖̂𝑞ℎ =  sin(𝛼𝑒𝑟𝑟) cos(𝛼𝑒𝑟𝑟) (�̅�11 − �̅�22) �̂�𝑑ℎ 

+ (𝑠𝑖𝑛2(𝛼𝑒𝑟𝑟)�̅�11 + 𝑐𝑜𝑠2(𝛼𝑒𝑟𝑟)�̅�22)�̂�𝑞ℎ ,                (15) 

where �̅�11 =
1

𝑍ℎ11
 , �̅�22 =

1

𝑍ℎ22
   and for latter expressions 𝜑11 = 𝑎𝑟𝑐(�̅�11), 

 𝜑22 = 𝑎𝑟𝑐(�̅�11). 
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In most of the cases only  �̂�𝑑ℎ  is injected, therefore, only the tracking of  𝑖̂𝑞ℎ would 

be enough, and it can be reduced to, 

𝑖̂𝑞ℎ =  sin(𝛼𝑒𝑟𝑟) cos(𝛼𝑒𝑟𝑟) (�̅�11 − �̅�22) �̂�𝑑ℎ  ,                (17) 

which is a complex phasor and its equivalent time signal is shown in Eq. (18). 

𝑖̂𝑞ℎ(𝑡) =  𝑢ℎsin(𝛼𝑒𝑟𝑟) cos(𝛼𝑒𝑟𝑟) |�̅�11 − �̅�22|𝑠𝑖𝑛(𝜔ℎ𝑡 + 𝑎𝑟𝑐(�̅�11 − �̅�22))             (18) 

This signal is fed into the phase detector, where it is multiplied with a cosine 

function having the same frequency as the injected voltage and amplitude 𝑢∗.  

The phase detector’s output can be split into two components. One of these 

components is a DC-like quantity, whilst the other has twice frequency as the 

injection one. The latter can be filtered off using a Low-Pass-Filter, referred as 𝐿𝑃𝐹 

in Fig. 7, resulting 𝑖̂𝑞ℎ𝑓(𝑡), as shown in Eq. (19). 

𝑖̂𝑞ℎ𝑓(𝑡) ≈  
1

2
𝑢ℎ𝑢∗sin(𝛼𝑒𝑟𝑟) cos(𝛼𝑒𝑟𝑟) |�̅�11 − �̅�22|𝑠𝑖𝑛(𝑎𝑟𝑐(�̅�11 − �̅�22)) .               (19) 

𝑖̂𝑞ℎ𝑓(𝑡) is fed into the PLL’s PI controller as a feedback signal, and the controller’s 

reference is set to zero. Observing Eq. (19) the feedback signal can be zero in four 

possible ways: 

1) 𝑢ℎ or 𝑢∗ equals zero, 

2) |�̅�11 − �̅�22| becomes zero. In this case, the machine is fully symmetrical 

in magnetic point of view, so no high frequency signal injection methods 

can be applied, 

3) 𝑎𝑟𝑐(�̅�11 − �̅�22) becomes zero, which also means that the high frequency 

impedances are equal, 

4) sin(𝛼𝑒) cos(𝛼𝑒) becomes zero. This can be observed, when 𝛼𝑒𝑟𝑟  equals 

zero, which represents full alignment with the d axis, or when 𝛼𝑒𝑟𝑟  equals 

±𝜋 , in which case the estimator finds the -d axis. Furthermore, two more 

solutions come form the 𝛼𝑒 = ±
𝜋

2
  cases , representing full alignment with 

±𝑞 axes. In case of synchronous injection, the initial angle error should 

be within ]−
𝜋

2
  

𝜋

2
[  𝑟𝑎𝑑𝑒 interval. 

3.2 Dynamic Model for the PLL Structure 

The tuning of PLL’s controller requires a dynamic model, which can be created 

with the respect of the estimator structure. Equations (13)-(19) are valid in steady 

state since phasors were involved in the calculations, but these results can be used 

to obtain the dynamic model. The proposed closed loop structure is illustrated in 

Fig. 8. 
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Figure 8 

Proposed dynamic model for the PLL-based estimator 

𝐺𝑃𝐼(𝑠) denotes a PI type controller, which was taken into account with the ideal 

form, so 

𝐺𝑃𝐼(𝑠) =  𝐴𝑝 (1 +
1

𝑠𝑇𝑖
),                    (20) 

where 𝐴𝑝 is the proportional gain, 𝑇𝑖   is the integral time. 

𝐺𝑝(𝑠) denotes the plant’s transfer function, which is created using both 𝑑- and 𝑞-

direction R-L circuits and it can be expressed as 

𝐺𝑝(𝑠) =  
𝑝1𝑠2+𝑝2𝑠+𝑝3

(𝑠−λd)(𝑠−λq)
 ,                  (21) 

where 

𝑝1 =  −
|�̅�11|  sin(𝜑11)

sin(𝜑11+𝜑∗)
+

|�̅�22|   sin(𝜑22)

sin(𝜑11+𝜑∗)
+ c = 0 ,                         (22) 

𝑝2 =  −
|�̅�11|  sin(𝜑11)

sin(𝜑11+𝜑∗)

R

Lq
+

|�̅�22|   sin(𝜑22)

sin(𝜑11+𝜑∗)
 

R

Ld
+ c

R

Ld
+ c

R

Lq
 ,                     (23) 

𝑝3 =  c
R2

LdLq
 ,                  (24) 

and the auxiliary variables are 

c =  √|�̅�11|2 + |�̅�22|2 − 2|�̅�11||�̅�22|cos (𝜑22 − 𝜑11) ,                                     (25) 

𝜑∗ =  tan−1 (
−|�̅�22|sin (𝜑22−𝜑11)

|�̅�11|+|�̅�22|cos (𝜑22−𝜑11)
).                           (26) 

In the last step 𝐾 gain can be defined based on the PLL’s phase detector part and 

Eq. (19), so 

𝐾 =
1

2
𝑢ℎ 𝑢∗𝑠𝑖𝑛(𝑎𝑟𝑐(�̅�11 − �̅�22)) =

1

2
𝑢ℎ 𝑢∗𝑠𝑖𝑛(𝜑11 + 𝜑∗) .                          (27) 

𝐺𝑓(𝑠) denotes the loop filter of the PLL, which is used to a be a simple low pass 

filter with the following form 

𝐺𝑓(𝑠) =  
𝜔𝑐,𝐿𝑃𝐹

𝑠+𝜔𝑐,𝐿𝑃𝐹
 ,                          (28) 
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where 𝜔𝑐,𝐿𝑃𝐹 is the low-pass filter’s cut off frequency. Thereafter, the 𝐺𝑜(𝑠) open 

loop transfer function of the dynamic model can be modeled as shown in Eq. (29). 

𝐺𝑜(𝑠) = −𝐾𝐴𝑝 (1 +
1

𝑠𝑇𝑖
)

1

𝑠
 

𝑝1𝑠2+𝑝2𝑠+𝑝3

(𝑠−λd)(𝑠−λq)

𝜔𝑐,𝐿𝑃𝐹

𝑠+𝜔𝑐,𝐿𝑃𝐹
  .                       (29) 

3.3 Parameter Sensitivity and Stability Analysis 

The proposed new dynamic model of the system depends on the machine 

parameters that can change during operation, therefore, their effect on the system 

stability must be investigated. The investigation was carried out assuming the 

following conditions: 

 industrial grade temperature range, staring from −40 𝐶∘representing the 

worst-case cold start, till 155 𝐶∘  which is the maximum allowed hot-spot 

temperature in case of the widely used F insulation class. The range of 

inspection is [2.0331 Ω ÷  4.1258 Ω] and it was used to model the stator 

resistance change and its effect on the system, 

 the saturation of 𝐿𝑑 , 𝐿𝑞 inductances, which are the functions of the 𝑑 − 𝑞 

axes currents. 

The stability analysis focused on the estimator structure’s performance deviation 

due to the machine parameters changes. 

Table 2 

Injection, filter and controller parameters for high-frequency  synchronous injection on PMSM 

Parameter Value 

𝑢ℎ 10𝑉 

𝑓ℎ 500𝐻𝑧 

𝜔𝑐,𝐿𝑃𝐹 2𝜋50𝑟𝑎𝑑/𝑠 

𝐴𝑝 2350 

𝑇𝑖 23,5𝑠 

Table 2 summarizes the injection parameters and also the PI controller's ones which 

were used in the synchronous injection method. With the help of the proposed 

dynamic model, the tuning of the PLL's PI controller can be performed. The tuning 

was based on the nominal values of the motor parameters, and the PI controller’s 

parameters are chosen to achieve 𝜑𝑚 = 45 𝑑𝑒𝑔𝑒  phase margin in the open loop 

Bode diagram shown in Eq. (29), and its results are shown in Fig. 9. This setup 

gives balance between the stability and the step response's overshoot and time 

constant. The estimator’s PI controller’s objective is to force down 𝑖̂𝑞ℎ𝑓(𝑡) to zero 

since in that case full alignment with the real and estimated coordinate system’s 

angle can be achieved. In the next step the possible limits of the injection method 

and drive system were defined, which were the following: 
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 𝐿𝑞/𝐿𝑑  ratio must be above 1.2 . It is required since the method is based on 

the impedance difference between the 𝑑 − 𝑞  axes impedances, 

 the stator current must be kept below its allowed maximum. During the 

investigation √𝑖𝑑
2 + 𝑖𝑞

2  <  1.5√2𝐼𝑛 limit was defined. 

 

Figure 9 

Open loop Bode diagram of the proposed estimator assuming nominal motor parameters 

With the respect of these limits, the prohibited 𝐿𝑑 , 𝐿𝑞 inductance combinations are 

presented in Fig. 10. 

The inspection of Fig. 11 shows the possible current combinations allowed for 

controlled electric drive, using the high-frequency synchronous injection. Beside 

the classic current limit, referred as Motor Current limit which is meant to protect 

the machine from sever overload conditions, the predefined minimum allowed ratio 

of the inductances decreases further the allowed current vector combinations. 

  

(a) (b) 
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(c) (d) 

Figure 10 

Prohibited current regions (a)(b) 𝐿𝑑, 𝐿𝑞  inductances considering 𝐿𝑞/𝐿𝑑 > 1.2 ratio (in (b) 𝑖𝑑  axis is 

mirrored), (c)(d) 𝐿𝑑, 𝐿𝑞  inductances considering √𝑖𝑑
2 + 𝑖𝑞

2  <  1.5√2𝐼𝑛 limit (in (d) 𝑖𝑑   axis is mirrored) 

  

Figure 11 

Current limits 

The additional limitation occurs mostly at negative 𝑑-axis current basically affects 

two commonly used algorithms. The first one is the Maximum-Torque-Per-Ampere 

(MTPA) [18] which tries to utilize the machine torque more efficient way by 

involving the reluctance torque too. In case of the machine under test the MTPA 

algorithm could use these negative 𝑑-axis currents in positive motoring directions 

since the 𝐿𝑞 > 𝐿𝑑  . The second affected algorithm is the field weakening logic [19], 

which also requests negative 𝑑-axis current reference if the rotor speed demand is 

above nominal. In most of the cases the high frequency injection methods are 

applied in low- speed region, therefore, these limitations will not be a problem. 

With the defined current limits, the stability analysis of the proposed method could 

be performed. This analysis included all the possible combinations of the stator 

resistance and 𝑖𝑑 > 𝑖𝑞   currents, thus  𝐿𝑑 , 𝐿𝑞values. For each combination 𝜑𝑚 phase 

margin of the system was calculated and its progression for two stator resistance 

values are summarized in Fig. 12. 
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(a) (b) 

Figure 12 

Progression of the phase margin (a) with the lowest stator resistance resulting the minimum phase 

margin, (b) with the highest stator resistance resulting the maximum phase margin 

Figure 12 clearly shows that within the allowed current limits the system is stable. 

The phase margin has its absolute minimum value, 𝜑𝑚 = 29.5074 𝑑𝑒𝑔𝑒  on the 

range of inspection when the stator resistance had its minimal value, 𝑅 = 2.0331 Ω. 

This could be observed at cold start, when the machine is cooled down to −40 𝐶∘. 

Thereafter, if the machine heats up, making the stator resistance to increase, the 

control system becomes more stable. This makes the system to have its maximal 

phase margin of 𝜑𝑚 = 87.3419 𝑑𝑒𝑔𝑒  at the highest allowed temperature with stator 

resistance of 𝑅 = 4.1258 Ω. The phase margin’s maximum and minimum can be 

observed at highly saturated cases, furthermore its minimum occurs when 𝑑-axis 

current is positive and high. These current combinations could happen during high 

dynamic loaded conditions with applied MTPA algorithm. In parameter point of 

view, the inductances could be considered sensitive parameters since in both 

12(a)(b) the phase margin changes the most due their saturations. The proposed 

dynamic system's stability can be maintained with simple current limitations, which 

highly simplifies the implementation of a vector-controlled system with high 

frequency synchronous injection. The possible affected additional algorithms, such 

as MTPA or field-weakening, just need to be expanded with current limit look-up 

table, as shown in Fig. 11, and it can be calculated based on the post-process of the 

FEM results. 

4 Simulation Results and Experimental Results 

The simulations were run in MATLAB Simulink, and the measurements were 

performed on a 2 𝑘𝑊 ST STGIPS20C60 IGBT-based single phase input inverter, 

which was controlled with an isolated TMS320F28397D-based control module as 

shown in Fig. 13. 
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Figure 13 

Experimental inverter setup 

The PMSM under test was equipped with two encoders as shown in Fig. 14.  

The first one was a TLE5009 contactless SINCOS encoder which was used for 

validation of the calculated common coordinate system's angle. The other one, used 

for the vector control, was a Tamagawa Seiki TS5208N458 shaft mounted 

incremental encoder 
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Figure 14 

Dual encoder configuration 

The drive control’s objective was to achieve the user’s speed request by governing 

the appropriate currents for that. There are many successfully applied approaches 

in the literature, such as Model Predictive Control (MPC) [20]-[21], or 

Reinforcement-Based Learning controls [22], but not least the widely used PI 

cascade structure. The authors selected the latter one because of its ease of 

implementation. The control structure used in the simulations and the experimental 

measurements is illustrated in Fig. 15. 

 

Figure 15 

Cascade control loop 

All of the controllers, 𝐶𝑖𝑑
, 𝐶𝑖𝑞

 and 𝐶𝜔 are PI type controllers, and they were modeled 

as PD Integral PI controllers to handle the controller saturation and anti-windup 

requirements in the discrete time drive software [23]–[25]. Table 3 summarizes the 
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controller parameters, which were obtained using the predefined cut-off frequencies 

and damping factors method with the respect of the estimator’s cut-off frequency. 

Table 3 

Controller parameters and filter time constants 

Parameter Value Description 

𝐴𝑝,𝑑 0.1 𝑑-direction current controller proportional gain 

𝑇𝑖,𝑑 0.5 
𝑑-direction current controller  

integral time 

𝐴𝑝,𝑞  2 𝑞-direction current controller proportional gain 

𝑇𝑖,𝑞 5 
𝑞-direction current controller  

integral time 

𝐴𝑝,𝜔 0.2 
angular speed controller  

proportional gain 

𝑇𝑖,𝜔 200 
angular speed controller  

 integral time 

The PMSM block represents the saturating, lumped-parameter permanent magnet 

synchronous machine model, and its parameters were obtained by the calculation 

presented in Section 2. The Inc. Enc. Proc. block handles the incremental encoder 

by the microcontroller's enhanced Quadrature Encoder Pulse (eQEP) module, and 

it also handles the SINCOS encoder, which outputs were routed into the 

microcontroller's AD module.  The PWM switching and also the control algorithm's 

sampling frequencies were set to 10 𝑘𝐻𝑧. The measurement results were recorded 

by the control card in SDRAM using External Memory Interface (EMIF). 

The HF Estimators block includes the two sensorless methods, where the stationary 

injection method was used for the initial angle estimation, whilst the synchronous 

injection method was used to estimate the common coordinate system's angle below 

20 𝐻𝑧 electric frequency. 

The Angle, speed, current feedback calc. block calculates the feedback signals and 

also handles the transition between the sensorless method's estimated angle and the 

incremental encoder's angle. 

During the test cycle no-load condition was examined, where the cogging torque 

effects expected to be the highest comparing to the dynamic torque. The authors 

wanted to demonstrate that the sensorless method is capable of providing good 

estimation, even though the relatively high current and torque ripples. 

Figures 15 and 16 summarize the simulation results and also the experimental test 

results. The same scenario was programmed in the simulation and into the inverter 

to obtain comparable results. Figures 15(a) and 16(a) show the actual state of the 

angle estimation, through 𝐴𝑛𝑔𝑙𝑒𝑆𝑜𝑢𝑟𝑐𝑒. During its 𝑆𝑡𝑎𝑡 value the angle estimation 

was performed by the stationary injection, which was used in the initial state of the 

motor control algorithm [26]. The stationary injection lasted 200 𝑚𝑠, which was 
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followed by a 200 𝑚𝑠 long wait state. Thereafter, in 𝑆𝑦𝑛𝑐ℎ state angle was 

estimated with the synchronous injection method, until the frequency remained 

below 20 𝐻𝑧 electric. This was followed by a 𝑇𝑟1 transition state, when the motor 

control became sensored, and the high-frequency signal injection ended. The 𝐸𝑛𝑐 

state represents the sensored vector control region, when the position of the 

common coordinate systems was fully calculated by using the incremental encoder. 

The 𝑇𝑟2 state represents and other transitioning state, between the sensored and 

sensorless method. 

Figures 15(b-c) and 16(b-c) show the simulated and measured 𝑑 − 𝑞 currents and 

their references. The progression of the currents is similar, but the measurements 

showed slightly higher ripples. Beside the higher ripples in the measured 𝑞-

direction current, its progression in the generator region also slightly differs. This 

deviation comes from mechanical model’s inaccuracy. This can be improved by 

involving a more precise velocity-based friction torque model, which is used to be 

the sum of the Stribeck, Coulomb, and viscous torque components. Together with 

Figs. 15(d) and 16(d) the frequency regions can be seen where the injection methods 

were active. These figures also show the speed control performance of the cascade 

loop. The controller was able to follow the reference in both clockwise and counter 

clockwise directions, even in low-speed region, where the angle and also the speed 

calculation was performed with the sensorless method. The transition states were 

also successful in both sensorless to sensored and the opposite case too. 

Figures 15(e) and 16(e) show the high frequency 𝑑 − 𝑞 current components, which 

were obtained using a 𝐵𝑃𝐹. They clearly show when the sensorless methods were 

active. 

Figures 15(f) and 16(f) show the angle estimation errors. These results were 

obtained using the additional SINCOS encoder as a calibrated reference angle 

source. In the simulations the stationary injection was able to find the real 𝑑 axis 

with 0.0659 𝑟𝑎𝑑𝑒 = 3.7758 𝑑𝑒𝑔𝑒 precision. Based on Eq. (19) this precision is fair 

enough, since the initial angle error is required to be within the ]−
𝜋

2
  

𝜋

2
[  𝑟𝑎𝑑𝑒 

interval. Thereafter, when the synchronous injection became active and the motor 

was in still state, it fell to 0.0027 𝑟𝑎𝑑𝑒  =  0.1547 𝑑𝑒𝑔𝑒. During movement the 

maximum estimation error was 0.08209 𝑟𝑎𝑑𝑒 = 4.703 𝑑𝑒𝑔𝑒 . During the sensored 

vector control, which is called 𝐸𝑛𝑐 state in Fig. 15(a), the angle error remained the 

last error value at the end of the transition state. The same progression can be 

observed in the measurements, but with slightly higher noise. The initial angle 

estimation's precision was 0.1323 𝑟𝑎𝑑𝑒 = 7.5802 𝑑𝑒𝑔𝑒. Thereafter the 

synchronous injection's PLL was able to estimate the angle around zero average 

value. During movement, when the rotation started the error jumped up to 

0.1348 𝑟𝑎𝑑𝑒 = 7.7234 𝑑𝑒𝑔𝑒 but thereafter it was around 0.05416 𝑟𝑎𝑑𝑒 =
 3.103 𝑑𝑒𝑔𝑒, with ± 0.02 𝑟𝑎𝑑𝑒 = 1.1459 𝑑𝑒𝑔𝑒  estimation noise. 



G. Szabó et al. FEM Parameterized Sensorless Vector Control of Permanent Magnet Synchronus Machines  
 using High-Frequency Synchronous Voltage Injection Method 

‒ 136 ‒ 

  

(a) (a) 

  

(b) (b) 

  

(c) (c) 

  

(d) (d) 
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(f) (f) 

Figure 15 

Simulation results 

Figure 16 

Experimental measurement results 

Conclusions 

This paper presented the sensorless vector control of a custom made PMSM using 

high-frequency synchronous injection. In the first step of the investigation the FEM 

analysis of the machine was performed, and its output was later used in the creation 

of the machine model and also during the stability analysis. The presented machine 

model gave precise and fast results confirmed by the experimental measurement 

results. An improvement of the model can be a better mechanical model, which 

models better the velocity-based friction torques. 

The sensorless control of the machine was achieved with high-frequency voltage 

injection. Its core equations and possible signal processing method were presented, 

along with a new dynamic model making possible the tuning of the PLL-based 

estimator. With combination of the new dynamic model and the post-process of the 

FEM analysis’ results, the injection-based sensorless method’s limitations and also 

stability analysis was presented. The latter one pointed out that in case of the 

sensorless method’s signal processing, the stator resistance is considered a sensible 

variable of the system. Its root cause comes from the high-frequency injection, 

which makes the machine impedances highly inductive. 

The presented sensorless method was simulated and also measured using an 

experimental inverter setup developed by the authors. The simulation and 

measurement results coincide very well, validating the theory and the modeling. 

The initial angle estimation problem was solved by using stationary injection, and 

such combination of the injection methods was able to find the initial angle, and 

was able to provide angle and speed feedbacks for the control loops. 

Regarding the estimator part of the system, fuzzy logic-based solutions could be an 

applied to handle the deviations coming from the machine parameters [27] - [28]. 

Another interesting approach both for the high-frequency estimation-based method 

and also for the drive control system a neural network-based approach. Several 

successful implementations of these methods on controlled electric drives are 

reported. [29] - [30]. 
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The author adopted the presented control scheme to squirrel-cage induction 

machines and synchronous reluctance machines too, and the research results will be 

presented soon. 
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