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Abstract: This paper proposes a novel constant power factor loop in the V/f control strategy with
stabilization for a permanent magnet synchronous motor (PMSM). The advantage of such an al-
gorithm is the independence of the machine parameters, which vary under different operational
conditions, e.g., with temperature, magnetic core saturation, and skin-effect. Furthermore, it is a low-
cost and simple-to-implement sensorless solution. The proposed strategy is compared against tradi-
tional sensorless FOC with a Luenberger-type back-electromotive force (EMF) observer, which can be
designed based on the machine model. The output of this kind of observer is typically an error signal,
which can be specified for position deviation, requiring phase-locked loop (PLL) algorithm implemen-
tation. Employing PLL, a rotor speed and position can be estimated from such an error. Therefore, it is
a complex sensorless technique with high-performance microcontroller unit (MCU) requirements.
Both strategies are deeply analyzed, mathematically described, and compared within the paper. At
the end of the paper, these sensorless strategies are supported by experimental verification with
a traction PMSM designed for golf cart applications, and the pros and cons of both techniques
are discussed.

Keywords: sensorless control; Luenberger-type back-EMF observer; V/f control; power factor
control; permanent magnet synchronous motor

1. Introduction

The sensorless techniques for different types of electric machines are still improving,
especially in the automotive industry. PMSMs are highly demanded in such applications for
their high power density factor, high dynamic features, robustness, and high efficiency. Due
to cost reduction, which is a critical factor, especially in the automotive industry, researchers
are forced to find new solutions for not only electrical drive but also the battery management
system, power electronics, machine design, or software modifications of different control
strategies. In particular, sensorless strategies are still very popular and attractive, because
they offer the elimination of mechanical speed or position sensors coupled with the rotor
shaft. This eliminates potential troubles coming mainly from the mechanical connection
but also coming with vibration or temperature instability. A damaged sensor or one with
inappropriate functionality would completely disable further motor operation in a sensored
motor drive. Therefore, a proper sensorless algorithm could improve the minimization
of the final cost, and furthermore, this solution decreases drive volume or maintenance
cost. However, sensorless control could also offer a specified level of redundancy in case of
a sudden mechanical sensor failure, which could be even more attractive, especially in the
automotive industry but not only in this field. In general, sensorless vector control is one of
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the alternatives for operating PMSM without a mechanical sensor. The second alternative
is a simpler scalar control, which also offers some benefits.

Vector control provides separate torque and flux control in AC machines. Such
a control strategy is similar to separately excited DC machines, in which a mechanical
commutator maintains such effect. Field-oriented control (FOC) is a common form of vector
control. This control strategy is primarily used for applications requiring high dynamic
performance, such as servo systems. In FOC, the control reference frame is oriented on the
flux vector. Therefore, the position of the flux vector has to be identified to ensure precise
and reliable speed or position control. The most accurate way to determine its position is
through the mechanical sensor. The other way to distinguish the location of the flux vector
is estimating its position by employing a sensorless algorithm. In this case, the requirement
of a mechanical sensor is eliminated. The sensorless algorithms could be divided into
two basic groups: model-based (back-EMF-based) and non-model based methods (well
known as saliency-based methods).

The model-based methods, as the name says, include an exact mathematical model
consisting of differential equations. The main idea is to estimate the back-EMF from stator
voltages and currents and then use this information to estimate rotor position and speed.
These methods provide a satisfactory control performance in medium- and high-speed
regions, and many algorithms have been proposed. These include an extended Kalman
filter (EKF) [1–3], a model reference adaptive system (MRAS) [4], a Luenberger observer [5],
and a sliding mode observer (SMO) [6–11]. There are also other methods such as a least-
order observer [12] and a disturbance observer [13]. These two employ an extended EMF
term and can be applied for interior PMSM (IPMSM), where the rotor position information
is contained not only in the flux or the EMF but also in the inductances due to their saliency.
In [14,15], authors used a special asymptotic state observer with PLL. A different approach
is proposed in [16], where an adaptive observer has been used. As was mentioned above,
the main drawback of model-based estimators is in low-speed regions, where they are
not applicable for well-known reasons (mostly for an unfavorable signal-to-noise ratio of
the voltage measurement). Different start-up algorithms have to be applied to overcome
this problem [17–19]. Another question is parameter variation, especially the precision of
current and voltage measurement, which influences the final quality of estimation. Many
of these aspects can be compensated [20,21]. In [22], the inductance compensation method
is presented to achieve enhanced torque control performance against parameter variation.
The adverse effects of the inverter harmonics were minimized in [23,24] with voltage
error compensation techniques. The low-speed limit evaluation of back-EMF tracking was
discussed in [25].

The non-model-based strategies offer parameter sensitiveness and work effectively in
zero and low-speed regions. However, these methods basically require any type of signal
injection, high-frequency (HF) voltage [26–32], or HF current [33] injection to utilize the
rotor saliency. Some methods can also be used for the surface PMSM (SPMSM), where the
d and q axis of the rotor are geometrically symmetrical [30–32]. The HF voltage injection
causes the saliency reflected current, including the rotor position information. Demodula-
tion processes are then used depending on various voltage and current injection types to
retrieve the rotor speed and position. Band-pass and low-pass filters are widely used to
obtain a rotor position error signal in the demodulation process. However, these filters in-
evitably have drawbacks, such as a time delay of the rotor speed or position estimation and
a limitation of current controllers’ bandwidth [29]. Square-wave injection methods [34–37]
are used to solve these issues. They offer an extended range of injected voltage frequency,
and accordingly, the bandwidth of the current controllers can be significantly enhanced.
As a result, dynamic control performance can be improved. However, there are some
adverse effects of the signal injection methods, for example, increased losses, torque ripples,
and acoustic noises. Furthermore, the maximum inverter output voltage at higher speeds
could limit the additional injected signal. Consequently, it is recommended to use the mag-
netic saliency-based method with signal injection at a standstill and low-speed range and
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a back-EMF-based technique above a certain threshold speed in the medium- and high-
speed region [38] to provide sensorless control of PMSM in a wide speed range.

In some papers, strategies also known as hybrid techniques have been proposed to
provide a full-speed-range sensorless drive. They usually represent a combination of back-
EMF-based and magnetic saliency-based techniques. In [39,40], a transition algorithm is
proposed to achieve a smooth operation between the two estimation methods. Furthermore,
the combination of the model-based dynamic feedforward control and current injection is
proposed in [33].

In comparison with FOC, scalar control is simpler and could be an ideal low-cost
alternative in some applications where high dynamic performance is not crucial, such as
fans, compressor drives, or pumps. It is a strategy in which a motor terminal voltage V
changes in proportion to the applied frequency f, and hence, it can also be expressed as V/f
control. It maintains constant machine flux and thus constant torque production capability
up to the rated machine speed. Using V/f control, a stator resistance voltage drop can be
neglected at higher frequencies. However, the voltage drop cannot be ignored at lower
frequencies. In this region, boost voltage can be applied to the machine to compensate for
the voltage drop. This allows the motor to develop the necessary torque even at lower
speeds [41]. The other disadvantage of scalar control is a possible loss of synchronism,
leading to instability issues. For this purpose, a stabilizing loop may be applied to modulate
reference frequency and thus maintain synchronism. This correction provides system
damping and reduces the speed oscillations, stabilizing the system [42–44]. Some authors
have presented different approaches to V/f control. In [44], stable V/f control with high-
efficiency control is compared against sensorless FOC. Sensorless vector control in [44] is
composed of two estimation algorithms. The first is the saliency-based method with HF
frequency injection for low-speed operation. In the high-speed region, a back-EMF-based
method is used. However, the employed algorithms are not further specified in the paper.
V/f control including stabilizing loop is discussed in [43]. In [45], a high-efficiency V/f
control loop used a single DC shunt current measurement. Other authors in [46,47] used
different types of maximum torque per ampere (MTPA) methods based on imaginary power
factor calculation suitable for a V/f controlled PMSM drive. The control V/f algorithms
based on unity power factor (UPF) calculation are simulated and experimentally verified
in [48,49]. A similar technique is applied and compared with FOC in [50,51], where active
flux observer and MTPA are used. Stable V/f control with UPF was compared to back-
EMF-based sensorless FOC in [52], supported by simulation analysis. In [53], the MTPA
method, field-weakening, maximum torque per voltage (MTPV), and energy optimal V/f
control are proposed. V/f control with MTPA for SPMSM based on HF voltage signal
injection is presented in [54].

This paper proposes a novel constant power factor loop in the V/f control strategy
with stabilization. The proposed V/f control does not require information about PMSM
parameters and is robust against its variations. These parameters vary during motor oper-
ation, e.g., with the magnetic core saturation, temperature, and skin effect. Furthermore,
the proposed V/f control structure does not require the direct calculation of phase shift
between current and voltage, as employed in [48,49]. Instead, the phase shift can be con-
trolled directly in the voltage vector reference frame dvqv based on the demanded power
factor. The proposed strategy is then compared to the traditional sensorless FOC with
Luenberger-type back-EMF observer, which can be designed based on the machine model.
Both strategies are deeply analyzed, mathematically described, and compared within the
paper. At the end of the paper, these sensorless strategies are supported by experimental
verification with the traction PMSM designed for golf cart applications, and the pros and
cons of both techniques are discussed.

2. Mathematical Model of PMSM

The equations describing voltages in the three phase windings of PMSM can be written
in matrix form. If symmetrical three-phase winding on the stator is supposed, then it can
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be assumed that their resistances are identical: Ra = Rb = Rc = Rs. In the mathematical
model, the saturation and temperature effects are also neglected [55].va

vb
vc

 = Rs

ia
ib
ic

+
d
dt

ψa
ψb
ψc

 (1)

where va, vb, vc are the three phase stator voltages, Rs is the stator resistance, ia, ib, ic are the
three phase stator currents, and ψa, ψb, ψc are the three phase stator flux linkages, given as:ψa

ψb
ψc

 =

Laa Lab Lac
Lba Lbb Lbc
Lca Lcb Lcc

ia
ib
ic

+ ψpm

 cos(θe)
cos
(
θe − 2π

3
)

cos
(
θe +

2π
3
)
 (2)

where Laa, Lbb, Lcc are stator phase self-inductances, Lab = Lba, Lbc = Lcb, Lca = Lac are
mutual inductances between respective stator phases, ψpm is the permanent magnet flux
linkage, and θe is the electrical rotor position. By means of Clarke and Park transformation,
three phase voltage (1) and flux equations (2) can be transformed to the rotational reference
frame dq: [

vd
vq

]
= Rs

[
id
iq

]
+

d
dt

[
ψd
ψq

]
+ ωe

[
−ψq
ψd

]
(3)

where vd and vq are the dq axis voltages, id and iq are the dq axis currents, ωe is the electrical
angular velocity, and ψd, ψq are the dq axis flux linkages, defined as:[

ψd
ψq

]
=

[
Ld 0
0 Lq

][
id
iq

]
+ ψpm

[
1
0

]
(4)

where Ld and Lq are the dq axis inductances. Substituting (4) into (5), the voltage equations
of the PMSM in dq coordinates lead to the following form:[

vd
vq

]
= Rs

[
id
iq

]
+

[
Ld 0
0 Lq

]
d
dt

[
id
iq

]
+ ωe

[
−Lq
Ld

][
iq
id

]
+ ωeψpm

[
0
1

]
(5)

The mathematical model of PMSM in rotational reference frame dq is very popular for
FOC structures, because both controllable quantities, current and voltage, are DC values,
as is evident from Figure 1. In addition, it allows employing simple controllers to force the
machine currents to the required states.
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The other important quantity of the machine is the electromagnetic torque. The
electromagnetic torque of the PMSM machine in rotational reference frame dq is defined as:

Te =
3
2

p
[
ψpmiq +

(
Ld − Lq

)
idiq
]

(6)

where p is the number of pole pairs. The first term in Equation (6) represents a synchronous
torque produced by the permanent magnet flux, and the second term is a reluctance
torque dependent on the rotor saliency. Both terms reflect an essential aspect of the torque
production in the PMSM machine. By sublimation of electromagnetic torque and load
torque, the mechanical equation of PMSM can be presented as:

Te − TL = J
dωm

dt
(7)

where TL is the load torque, J is the moment of inertia, and ωm is the mechanical angular
velocity. The block diagram of the PMSM in rotational reference frame dq is illustrated in
Figure 2 [55]:
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3. Sensorless FOC with Luenberger-Type Back-EMF Observer

The back-EMF observer can be used in conjunction with the vector control strategy, as
shown in Figure 3.
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Such a scheme can provide an alternative or redundant solution to the sensored control
drive. Thus, the drive is considered sensorless by removing the mechanical sensor from
the rotor shaft and estimating rotor speed or position. However, this kind of observer does
not provide direct feedback on rotor speed and position. To solve this issue, a tracking
observer can be used to process the output of the back-EMF observer. However, this
sensorless strategy is based on the machine model, and it is very complex, leading to higher
computational requirements for MCU. Furthermore, the implementation and correct tuning
of the several PI controllers, filters, etc., may be time-consuming. Table 1 shows the main
functions employed in this sensorless structure.

Table 1. Sensorless FOC with the Luenberger-type back-EMF observer—complexity.

Control Structure PI I Park Clarke Atan Filters

Sensorless FOC
with the Luenberger-type

back-EMF observer
6 1 4 1 1 2

However, one should notice that the sensorless components in Table 1 are not matching
with the block diagram in Figure 3 because the other components are part of the back-EMF
observer and tracking observer blocks. These are illustrated within the next sections.

3.1. Sensorless FOC

FOC is a common form of vector control. It is a cascade control structure with
an inner current and outer speed loop. The control loops placed in series represent feedback
in a closed-loop system. However, a transformation of the controllable motor quantities,
such as current and voltage, from the stationary abc to the rotational reference system dq
must be conducted. In the dq coordinates, these variables become DC values. Thus, simple
controllers can control such quantities, as shown in Figure 4.
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PI controllers are commonly used to maintain demanded behavior by minimizing the
error between required and feedback variables. The parameters of these controllers, more
specifically proportional and integral gain, have to be correctly calculated to adjust the
dynamics of the whole system.

3.1.1. Current Loop

FOC is based on independent control of the machine torque and flux. Generally,
the torque-producing component is q-axis current, and the component responsible for
machine flux production is d-axis current. These components are part of the inner current
loop, with PI controllers placed for each path, as shown in Figure 3. By compensating the
cross-coupling and back-EMF terms in (5), simplified voltage equations can be defined:[

vd
vq

]
= Rs

[
id
iq

]
+

[
Ld 0
0 Lq

]
d
dt

[
id
iq

]
(8)

It is clear from (8) that the equations are identical in structure. Therefore, the same
principle can be employed to calculate the gains of the controllers in both axes. The only
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difference lies in Ld and Lq, which leads to different proportional and integral gains KP, KI .
To accurately describe the current control loop, the transfer functions of A/D converters
and the voltage source inverter with a PWM modulator have to be evaluated. Moreover, the
sampling time of the current loop and discrete form of the controllers have to be considered.
However, the effects of A/D converter and inverter transportation delay are neglected
to simplify the controller design. The closed-current loop can then be designed with the
following transfer functions representing RL circuit and current controller:

FRL(s) =
1

Ls + Rs
(9)

FPIi (s) =
KPi s + KIi

s
(10)

where KPi , KIi are the proportional and integral gains of the current controller. The transfer
function of a simplified closed-current loop can be derived based on (9) and (10):

Fi(s) =
FPIi (s)FRL(s)

1 + FPIi (s)FRL(s)
=

KPi
L s +

KIi
L

s2 +
(KPi

+Rs
L

)
s +

KIi
L

(11)

The block diagram of the simplified current control loop with compensated cross-
coupling and back-EMF terms is illustrated in Figure 5.

Figure 5. Block diagram of the simplified current loop scheme.

The characteristic Equation of (11) reveals a second-order system. However, the
nominator of the transfer function introduces zero due to the PI controller. It increases
the system overshoot, lowering the potential closed-loop bandwidth. The zero can be
compensated by a zero-cancellation block in the feedforward. The zero-cancellation block
can be considered as a first-order filter with the following transfer function:

FZCi (s) =
1

KPi
KIi

s + 1
(12)

Introducing (12) to (11), the closed-current loop transfer function will be rearranged as:

Fi(s) =
FPIi (s)FRL(s)

1 + FPIi (s)FRL(s)
=

KIi
L

s2 +
(KPi

+Rs
L

)
s +

KIi
L

(13)

The block diagram of the simplified closed-current loop with zero-cancellation is
presented in Figure 6.

Appl. Sci. 2022, 12, 9179  7  of  28 
 

difference lies in  𝐿   and  𝐿 , which leads to different proportional and integral gains 𝐾 , 

𝐾 . To accurately describe the current control loop, the transfer functions of A/D convert‐

ers and the voltage source inverter with a PWM modulator have to be evaluated. Moreo‐

ver, the sampling time of the current loop and discrete form of the controllers have to be 

considered. However, the effects of A/D converter and inverter transportation delay are 

neglected to simplify the controller design. The closed‐current loop can then be designed 

with the following transfer functions representing RL circuit and current controller: 

𝐹 𝑠
1

𝐿𝑠 𝑅
  (9) 

𝐹 𝑠
𝐾 𝑠 𝐾

𝑠
  (10) 

where 𝐾 , 𝐾   are the proportional and integral gains of the current controller. The trans‐

fer function of a simplified closed‐current loop can be derived based on (9) and (10): 

𝐹 𝑠
𝐹 𝑠 𝐹 𝑠

1 𝐹 𝑠 𝐹 𝑠

𝐾
𝐿 𝑠

𝐾
𝐿

𝑠
𝐾 𝑅

𝐿 𝑠
𝐾
𝐿

  (11) 

The block diagram of the simplified current control  loop with compensated cross‐

coupling and back‐EMF terms is illustrated in Figure 5. 

 

Figure 5. Block diagram of the simplified current loop scheme. 

The characteristic Equation of (11) reveals a second‐order system. However, the nom‐

inator of  the  transfer  function  introduces zero due  to  the PI controller.  It  increases  the 

system overshoot, lowering the potential closed‐loop bandwidth. The zero can be com‐

pensated by a zero‐cancellation block in the feedforward. The zero‐cancellation block can 

be considered as a first‐order filter with the following transfer function: 

𝐹 𝑠
1

𝐾
𝐾 𝑠 1

 
(12) 

Introducing (12) to (11), the closed‐current loop transfer function will be rearranged 

as: 

𝐹 𝑠
𝐹 𝑠 𝐹 𝑠

1 𝐹 𝑠 𝐹 𝑠

𝐾
𝐿

𝑠
𝐾 𝑅

𝐿 𝑠
𝐾
𝐿

  (13) 

The block diagram of the simplified closed‐current loop with zero‐cancellation is pre‐

sented in Figure 6. 

 

Figure 6. Block diagram of the simplified current loop scheme with zero‐cancellation. Figure 6. Block diagram of the simplified current loop scheme with zero-cancellation.



Appl. Sci. 2022, 12, 9179 8 of 29

Finally, the proportional and integral gains of the current controller can be designed by
comparing the closed-loop characteristic polynomial with the ideal second-order system:

s2 +

(
KPi + Rs

L

)
s +

KIi

L
= s2 + 2ξiω0i s + ω2

0i
(14)

where ω0i is the natural frequency of the current loop, and ξi is the damping factor of the
current loop. The proportional and integral gains of the current controller in continuous
domain can be then derived from (14) as follows:

KPi = 2ξiω0i L− Rs

KIi = ω2
0i

L
(15)

However, the control loop is updated in discrete steps in real applications. Therefore,
a discrete representation of the current controller has to be used:

KPi (z) = KPi

KIi (z) = KIi Tsi

(16)

where Tsi is the sampling period of the current loop.

3.1.2. Speed Loop

The speed loop is the outer loop in the cascade control structure of FOC. In the
speed loop, a PI controller is employed to provide appropriate speed control of the PMSM
machine. The output of the speed controller creates a reference value for the q-axis current
controller, as is evident in Figure 7. In most applications, it is advantageous to use a PI
controller with an anti-windup function limiting the controller output and preventing
current overload of the machine or inverter.
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Figure 7. Block diagram of the speed loop.

An electrical time constant of the machine is usually much smaller than the time
constant of the mechanical part. A small electrical time constant requires a higher sampling
frequency of the current loop, while the speed loop operates at a lower sampling frequency.
This ensures enough time to control the machine current between two speed samples
properly. Therefore, the current loop can be considered the gain equal to 1. Furthermore,
it simplifies the speed controller design, reducing the speed loop transfer function to
a second-order system. The block diagram of the simplified speed loop scheme is presented
in Figure 8.
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The closed speed loop can then be designed with the following transfer functions
representing mechanical system and speed controller:

Fm(s) =
kT

Js + B
(17)

FPIω (s) =
KPω s + KIω

s
(18)

where kT is the torque constant, B is the viscous friction coefficient, and KPω , KIω are the
proportional and integral gains of the speed controller. The transfer function of the speed
loop can be created based on (17) and (18):

Fω(s) =
FPIω (s)Fm(s)

1 + FPIω (s)Fm(s)
=

kTKPω
J s + kTKIω

J

s2 +
(

kTKPω+B
J

)
s + kTKIω

J

(19)

Similarly, as in the current loop, zero is introduced in the nominator of (19) due to the
PI controller increasing system overshoot. The zero can be compensated again with the zero-
cancellation block, as shown in Figure 9, to improve the speed loop control performance
during machine transients. As an alternative to the zero-cancellation block, a ramp function
is commonly used in several applications to prevent system overshoot.
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The transfer function of the zero-cancellation with speed controller gains is defined as:

FZCω
(s) =

1
KPω
KIω

s + 1
(20)

Introducing (20) into (19), the transfer function of the speed loop with compensated
zero is in the following form:

Fω(s) =
FPIω (s)Fm(s)

1 + FPIω (s)Fm(s)
=

kTKIω
J

s2 +
(

kTKPω+B
J

)
s + kTKIω

J

(21)

Comparing the characteristic polynomial of (21) with the ideal second-order system,
the parameters of the speed controller can be derived as:

KPω =
2ξωω0ω J−B

kT

KIω = J
kT

ω2
0ω

(22)
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where ω0ω is the natural frequency of the speed loop, and ξω is the damping factor of the
speed loop. The discrete form of speed controller gains can be designed as:

KPω (z) = KPω

KIω (z) = KIω Tsω

(23)

where Tsω is the sampling period of the speed loop.
It should be noticed that the current loop is usually maintained faster than the speed

loop. The reason is that the electrical time constant of the motor is much smaller than the
mechanical time constant of the motor, and so the small electrical time constant requires
the current control loop to run at a higher sampling frequency. On the contrary, the speed
loop can run in a slower control loop with a lower sampling frequency. This means that the
natural frequency of the current loop will be always higher than the natural frequency of
the speed loop. Such an approach provides enough time to control the current between
two speed samples [56]. Furthermore, the damping factor can be maintained to influ-
ence the controller gains and dynamics response. The damping factor could be set at
less than one (underdamped system), greater than one (overdamped system), or equal to
one (critically damped system). For the second-order systems, the damping factor is
usually set up to 0.707, to provide a system attenuation −3 dB at the controller
cutoff frequency.

3.2. Luenberger-Type Back-EMF Observer

The primary purpose of this sensorless approach is to estimate the back-EMF voltage,
which contains information about the rotor position. It is a method based on the math-
ematical model of the PMSM machine. Therefore, the mathematical model introduced
in Section 1 is mandatory to describe this sensorless approach. The voltage equations
of the PMSM in rotational reference frame dq depicted by (5) can be rearranged to the
following form: [

vd
vq

]
=

[
Rs + Lds −ωeLq

ωeLd Rs + Lqs

][
id
iq

]
+ ωeψpm

[
0
1

]
(24)

where s is the Laplace operator. However, (24) cannot be applied for a sensorless control,
because the motor position is unavailable, and thus, the back-EMF voltage cannot be
observed. Therefore, it is necessary to employ a new estimated rotational reference frame
γδ lagging from the origin dq rotational reference frame by an estimation position error θerr,
evident from Figure 10.
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However, (24) has to be rewritten to the form with the symmetrical impedance matrix,
as follows: [

vd
vq

]
=

[
Rs + Lds −ωeLq

ωeLq Rs + Lds

][
id
iq

]
+ Eex

[
0
1

]
(25)

where Eex is the extended EMF (EEMF) term equal to:

Eex = ωe
[(

Ld − Lq
)
id + ψpm

]
−
(

Ld − Lq
)
siq (26)

Afterward, (25) can be transformed to the estimated reference frame γδ, yielding
voltage equations: [

vγ

vδ

]
=

[
Rs + Lds −ωeLq

ωeLq Rs + Lds

][
iγ
iδ

]
+

[
eγ

eδ

]
(27)

where eγ, eδ are the γδ components of EEMF:[
eγ

eδ

]
= Eex

[
− sin(θerr)
cos(θerr)

]
+ (ω̂e −ωe)Ld

[
−iδ

iγ

]
(28)

where ω̂e is the estimated rotor speed. Assuming that error between the estimated speed
ω̂e and actual rotor speed ωe under steady-state condition is zero, the second part of (28)
can be neglected. Afterward, the estimated γδ components of EEMF become:[

êγ

êδ

]
= Eex

[
− sin(θerr)
cos(θerr)

]
(29)

containing estimated position error θerr. This variable can be extracted from (29) by em-
ploying arctan function as follows [12]:

θerr = tan−1
(−êγ

êδ

)
(30)

This also reduces the effect of the back-EMF observer parameter variation. For example,
if the d-axis inductance Ld is not accurate, it will affect the dynamic performance of the
observer. On the other hand, stator resistance Rs will not influence the control dynamics.
Instead, it will directly affect the resulting amplitude of the estimated back-EMF. However,
the effects of the unprecise Ld, Rs are the same in both γ and δ axis, because the controller
and observer models are identical in these axes. Therefore, by performing the division
of EEMF γδ components as in (30), the effects of the inaccurate Ld, Rs are compensated.
Nevertheless, the q-axis inductance Lq is not compensated with such division, because the
change in one axis is not proportional to the other one. This proves that such an observer is
dependent on the machine parameters, where the uncertainty in Lq affects the steady-state
accuracy of the observer. The block diagram of the back-EMF observer in the estimated
rotational reference frame γδ is presented in Figure 11.

It is evident in Figure 11 that the block diagram contains two PI controllers. The
parameters of these controllers have to be properly calculated to allow correct control
performance of the whole structure. Neglecting cross-coupling terms, the γ-axis and δ-axis
loops are identical to the current loop structure discussed in Section 3.1.1. This means
that the same principle can be used to calculate the proportional and integral gains of the
back-EMF controller with respect to d-axis inductance:

KPb = 2ξbω0b Ld − Rs

KIb = ω2
0b

Ld

(31)

where ω0b is the natural frequency of the back-EMF observer, and ξb is the damping factor of
the back-EMF observer. The natural frequency of the back-EMF observer is usually set close
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to the current loop bandwidth, while the damping factor is in intervals of approximately
0.5–1.5. The lower damping factors lead to higher overshoot but faster response and
vice versa.
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Figure 11. Luenberger-type back-EMF observer in the estimated rotating reference frame γδ.

3.3. Tracking Observer

The tracking observer is an essential part of sensorless FOC with a back-EMF observer.
Since the output of the observer has an estimation position error θerr, it is necessary to
employ a structure that can force such error to zero (θerr = 0). The PLL can satisfy
this requirement and thus provide zero displacements between the dq and estimated γδ
reference frame. The output of PLL is the estimated speed ω̂e and the estimated position
θ̂e. The PLL allows estimating the rotor speed without an undesirable position derivative.
The estimated speed is used as a feedback value for the speed loop and to calculate cross-
coupling terms, while the estimated position is employed as an angle to transform the
voltages and currents from dq to the estimated γδ reference frame. The block diagram of
the back-EMF and tracking observer with the PLL mechanism is shown in Figure 12.
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However, the tracking observer contains the PI controller, whose parameters have to
be correctly calculated. They can be calculated from the linearized version of the observer
shown in Figure 13.
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Similarly, the parameters can be calculated with the pole-placement method, yielding
the following proportional and integral gains of the PLL controller [57]:

KPto = 2ξtoω0to

KIto = ω2
0to

(32)

4. Stable V/f Control with Constant Power Factor Loop

V/f control is a form of scalar control maintaining a constant ratio between stator
voltage and required stator frequency. It is a good alternative in applications where
highly dynamic control performance is not required, such as heating, ventilation, and air
conditioning (HVAC), fans, or pumps. The V/f ratio is usually calculated from the nominal
values of the PMSM. It provides an opportunity to control the PMSM machine without the
mechanical sensor on the rotor shaft. The position sensor is not demanded, because the
required αβ voltages are calculated with a transformation angle obtained by integrating
the required speed.

By employing the V/f control, the high-performance MCU needed in the FOC scheme
is not required. It is a very simple control strategy composed of fewer functions than
sensorless FOC, as evident from Table 2. For example, a single PI controller in V/f control
instead of six in sensorless FOC avoids the time-consuming controller gains calculation. The
sensorless components in the stabilizing and CPF loop are illustrated in the next sections.
However, coming with this simplicity, there are also some drawbacks such as:

• Instability of the system after exceeding a specific applied frequency;
• Low dynamic performance;
• Poor fault protection against stall detection and overcurrent.

Table 2. Stable V/f control with constant power factor loop–complexity.

Control Structure PI I Park Clarke Atan Filters

Stable V/f control with
constant power factor loop 1 1 2 1 0 1

Nevertheless, the first issue can be solved by employing the stabilizing loop to prevent
undesired rotor oscillations. The second disadvantage may not be a problem in several
applications, where high dynamic performance is not required.

The block diagram of the V/f control with stabilization and constant power factor
loop is shown in Figure 14.
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4.1. Stabilizing Loop

The stabilizing loop can be implemented in the V/f control to prevent rotor oscillations,
thus stabilizing the system. The principle of the stabilizing loop lies in the superimposition
of the small frequency signal onto the required electrical angular velocity. The superim-
posed frequency signal must be of opposite polarity to the experienced perturbation. The
perturbation can be extracted, for example, from:

• DC link current;
• Actual rotor speed;
• Input active power.

Each of the components requires some extra features to be employed or implemented.
For the perturbation extraction from DC link current, a current sensor in DC bus is necessary,
leading to higher additional costs. The extraction from the actual rotor speed can be
considered as the most reliable. However, a position sensor is required for this purpose,
removing advantages associated with sensorless control. The most practical with respect
to the final cost is the solution that uses an input active power component. This strategy
requires phase currents measurements, which is the common feature in the motor control
drives. The transformation of the three phase currents from abc to αβ reference frame must
be performed to calculate the active power Pe as:

Pe =
3
2

(
v∗αiα + v∗βiβ

)
(33)

where v∗α, v∗β are the required αβ voltages and iα, iβ are the measured αβ currents. The
input active power perturbation component ∆Pe can be extracted from origin signal with
a first-order high-pass filter. It eliminates a DC component from the active power Pe, and
the useful signal contains only higher-frequency components:

∆Pe =
s

s + 1
τH

Pe (34)
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where τH is the time constant of the high-pass filter. This constant can be experimentally
determined regarding the speed oscillations [49]. Afterward, it is necessary to amplify the
AC component of active power with proportional gain of the stabilizing loop KS:

Ks =
C1

ω∗e
, ω∗e 6= 0 (35)

where C1 is the stabilizing loop constant, which must be divided by the reference electrical
angular velocity ω∗e in order to maintain almost constant damping, particularly at higher
frequencies. Then, the output of the stabilizing loop is the speed perturbation component
∆ωe, which is superimposed onto the required velocity ω∗e to stabilize scalar control:

∆ωe = −Ks∆Pe

ω∗v = ω∗e + ∆ωe

(36)

where ω∗v is the voltage vector reference angular velocity. Integrating this variable, the
voltage vector position θ∗v is generated to perform Park transformation in feedforward path
and constant power factor loop. The block diagram of the stabilizing loop is presented in
Figure 15 [42,43]:
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4.2. Constant Power Factor Control Loop

The stable V/f control can be extended to maintain specific operational conditions.
Such conditions can be satisfied by performing voltage amplitude correction with the
additional loop. This paper proposes a novel constant power factor loop, where the power
factor can be directly controlled in the voltage vector frame to the demanded value, as
shown in Figure 16.

Appl. Sci. 2022, 12, 9179  15  of  28 
 

factor can be directly controlled  in the voltage vector frame to the demanded value, as 

shown in Figure 16. 

 

Figure 16. Block diagram of the constant power factor loop. 

The constant power  factor  loop  inputs are  the measured αβ currents  transformed 

from the three‐phase abc reference frame by employing Clarke transform as follows: 

𝑖 𝑖  

𝑖
√3
3
𝑖

√3
3
𝑖  

(37) 

The αβ currents must be further transformed from the stationary αβ frame to the new 

voltage vector frame dvqv, where the power factor can be controlled. The transformation 

to the dvqv reference must be performed using Park transform with the required voltage 

vector position  𝜃∗: 

𝑖 𝑖 cos 𝜃∗ 𝑖 sin 𝜃∗  (38) 

𝑖 𝑖 sin 𝜃∗ 𝑖 cos 𝜃∗  (39) 

In the new dvqv reference frame, the dv‐axis is aligned with a stator voltage vector  𝑉  
as  illustrated  in Figure 17. The vector diagram in Figure 17a shows dvqv currents  in the 

voltage vector reference frame, where the power factor is controlled to  cos𝜑 1. One of 
the other opportunities is to control the power factor to unity  cos𝜑 1, as illustrated in 
Figure 17b. Then, the stator current vector  𝐼   is aligned with the stator voltage vector  𝑉 , 
and thus power factor angle φ becomes zero. It is evident from both figures that the power 

factor angle can be controlled by maintaining the qv‐axis current. 

   

(a)  (b) 

Figure 17. Vector diagram of PMSM: (a) φ > 0 (cos φ < 1); (b) φ = 0 (cos φ = 1). 

The  required  qv‐axis  current  𝑖∗   can be directly  calculated with  respect  to  the  re‐

quired power factor  cos𝜑∗  and the feedback dvqv currents, as shown in Figure 18. After‐

ward, the PI controller forces the qv‐axis current from Park transform to the required value 

based on the demanded power factor. The output of the PI controller is the voltage ampli‐

tude correction  ∆𝑣, which  is sublimated from the required d‐axis voltage  𝑣∗ , while the 

required q‐axis voltage  𝑣∗  is maintained at zero. Therefore, the power factor can be di‐

rectly controlled by adjusting the d‐axis voltage amplitude. 

Figure 16. Block diagram of the constant power factor loop.



Appl. Sci. 2022, 12, 9179 16 of 29

The constant power factor loop inputs are the measured αβ currents transformed from
the three-phase abc reference frame by employing Clarke transform as follows:

iα = ia

iβ =
√

3
3 ib −

√
3

3 ic

(37)

The αβ currents must be further transformed from the stationary αβ frame to the new
voltage vector frame dvqv, where the power factor can be controlled. The transformation
to the dvqv reference must be performed using Park transform with the required voltage
vector position θ∗v :

idv = iα cos(θ∗v) + iβ sin(θ∗v) (38)

iqv = −iα sin(θ∗v) + iβ cos(θ∗v) (39)

In the new dvqv reference frame, the dv-axis is aligned with a stator voltage vector Vs
as illustrated in Figure 17. The vector diagram in Figure 17a shows dvqv currents in the
voltage vector reference frame, where the power factor is controlled to cos ϕ < 1. One of
the other opportunities is to control the power factor to unity cos ϕ = 1, as illustrated in
Figure 17b. Then, the stator current vector Is is aligned with the stator voltage vector Vs,
and thus power factor angle ϕ becomes zero. It is evident from both figures that the power
factor angle can be controlled by maintaining the qv-axis current.
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The required qv-axis current i∗qv can be directly calculated with respect to the required
power factor cos ϕ∗ and the feedback dvqv currents, as shown in Figure 18. Afterward, the
PI controller forces the qv-axis current from Park transform to the required value based
on the demanded power factor. The output of the PI controller is the voltage amplitude
correction ∆v, which is sublimated from the required d-axis voltage v∗d , while the required
q-axis voltage v∗q is maintained at zero. Therefore, the power factor can be directly controlled
by adjusting the d-axis voltage amplitude.
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5. Experimental Results

In order to verify and compare the control performance of both sensorless approaches,
a series of experiments have been carried out on the experimental setup described in
Section 5.1.

5.1. Experimental Setup

The experiments were conducted on a power inverter module (PIM) with an apparent
power of 150 kVA. The specifications of the PIM are available in Table A1 of Appendix A.
DC power supplies were employed to ensure power for the PIM system basis chip (SBC)
and the PIM DC bus. For the sensorless control algorithm’s implementation and machine
control, a microcontroller from the NXP Semiconductors, specifically MPC5775E, was used.
The MPC5775E microcontrollers target automotive and industrial battery management
and inverter applications. The communication between the microcontroller MPC5775E
and PC was secured through the CAN interface. The application code was created in
S32 Design Studio for Power Architecture. The USB Multilink Universal was utilized for
debugging the application code from the PC to the target processor. FreeMASTER Run-
Time Debugging tool observes the control variables and allows application users to control
the machine current, speed, etc. A traction PMSM developed for golf cart applications with
a rated power of 1.41 kW was used to determine experimental results. The parameters
of the PMSM are provided in Table A2 of Appendix A. A DC dynamometer was used to
provide load conditions for experimental PMSM. A torque sensor with a measuring range
±20 Nm was placed between the PMSM machine and DC dynamometer to provide accurate
information about the actual motor torque. Photos of the experimental setup are shown in
Figures 19 and 20.
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Figure 20. Experimental setup—enlarged view for PMSM, torque transducer, and DC dynamometer.
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5.2. Experimental Verification of Stable V/f Control with CPF

In this section, a series of experiments for the V/f control with stabilization and CPF
that were performed are described. The input parameters for this control strategy are
presented in Table A3 of Appendix A. In Figure 21, the ramp-up to the nominal reference
speed, change in speed direction, and 50% load applied at steady-state, with a required
power factor of 1, is presented. The ramp was set up with a slope of 1000 rpm/s. The
50% load was applied from 8 s to 19 s in the forward direction and from 29 s to 40 s in
the backward direction. The command to change the speed direction was set up at 21 s.
The boost voltage of 3 V was applied to d-axis during motor start-up until 1000 rpm to
overcome the starting issues. These issues are associated with a resistive voltage drop,
which cannot be neglected at low speeds. Above the rotational speed nr of 1000 rpm, the
boost voltage is set back at 0 V, as is evident from the required d-axis voltage v∗d in Figure 21.
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Figure 21. Ramp-up and ramp-down with the nominal reference speed and 50% load applied at
steady-state, with a required power factor of 1: speed, dq voltages, dq currents.

In Figure 22, the same conditions were applied except for the applied load, which was
increased to 75%.

In Figure 23, the applied load to the machine was increased to 100%. However, as
evident from the figure, the machine cannot hold such a load, and the system becomes
unstable. The reason behind the control failure lies in the required power factor. At the
power factor is equal to unity, the required d-axis voltage v∗d decreases with the higher
loads, leading the system to an unstable region.

At the lower power factor, e.g., equal to 0.95, the V/f control can operate under full-
load conditions, avoiding system instabilities. This is demonstrated in Figure 24, where the
control performance under 100% load is presented.

The speed profiles with changes to nominal reference speed by 1000 rpm in both
directions with no-load are shown in Figures 25 and 26. The first shows the speed profile
for a power factor equal to 1, while the second one shows the profile for the lower power
factor of 0.95, which was previously verified under full-load conditions. As can be seen
from both figures, the real motor speed nr follows the reference speed n∗r and the accuracy
at steady-state is spectacular. The main difference lies in the start-up current, which
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is approximately four times higher with a required power factor of 0.95, as evident in
Figures 25 and 26.
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Figure 22. Ramp-up and ramp-down with the nominal reference speed and 75% load applied at
steady-state, with a required power factor of 1: speed, dq voltages, dq currents.
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Figure 23. Ramp-up with the nominal reference speed and 100% load applied at steady-state, with
a required power factor of 1: speed, dq voltages, dq currents.
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Figure 24. Ramp-up and ramp-down with the nominal reference speed and 100% load applied at
steady-state, with a required power factor of 0.95: speed, dq voltages, dq currents.
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Figure 25. Speed profile up to nominal reference speed with no-load and required power factor of 1:
speed, dq voltages, dq currents.
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Figure 26. Speed profile up to nominal reference speed with no-load and required power factor of
0.95: speed, dq voltages, dq currents.

5.3. Experimental Verification of Luenberger-Type Back-EMF Observer in Sensorless FOC

In this section, similar experimental results are presented in order to compare the
control performance of both sensorless techniques. The input parameters for the sensorless
FOC are available in Table A4 of Appendix A. As stated in the Introduction, the model-
based methods are not applicable at low speeds due to the unfavorable signal-to-noise
ratio of the voltage measurements. Due to this disadvantage, stable V/f with CPF loop
was used as a start-up control strategy for sensorless FOC. It uses a required d-axis voltage
v∗d to start-up the machine, while the required q-axis voltage v∗q is maintained at zero. As
evident in Figure 27, the motor start-up is smooth, without huge oscillations.
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Figure 27. The motor start-up in stable V/f control with CPF and transition to the sensorless FOC
with Luenberger-type back-EMF observer: speed, dq voltages, dq currents.
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Transition to the sensorless FOC is applied at the rotational speed nr of 500 rpm.
Evaluation of low speed limit was discussed and verified in [25]. At the threshold speed,
the estimated rotational speed n̂r is set as a feedback value for the speed controller, as well
as the estimated electrical position θ̂e to the Park transformations. During the transition
between V/f and sensorless FOC, a small decrease in rotational speed nr can be observed.
The whole transition is considered to be a small disadvantage of such an approach. How-
ever, the decrease in the rotational speed nr has not had a huge impact on the system
stability and control performance of the sensorless method. After the transition, the d-axis
current id is controlled to zero, while the q-axis current iq provides the necessary torque to
the machine.

In Figure 28, the ramp-up to the nominal reference speed of 3000 rpm, 50% load
applied at steady-state, and change in speed direction is illustrated. The figure shows the
robustness of the observer to the applied load disturbance and also a sufficient change in
speed direction from the nominal speed of the machine 3000 rpm to −3000 rpm. At the
lower speeds, sensorless FOC with Luenberger-type back-EMF observer was switched to
the stable V/f control with CPF loop to provide adequate operation.
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Figure 28. Ramp-up and ramp-down with the nominal reference speed and 50% load applied at
steady-state: speed, dq voltages, dq currents.

Figure 29 shows a similar experimental verification. However, 75% load is applied to
the machine. The experimental results show similar behavior and also robustness against
such load disturbance.

Finally, in Figure 30, the applied load is increased to 100%, which corresponds to
the nominal torque of the experimental PMSM machine. It is obvious that the sensorless
FOC with Luenberger-type back-EMF observer is also operating properly under full-load
machine conditions.

Compared to the same experimental procedure with stable V/f control in Figure 24, it
is evident that stable V/f control with CPF has a better response to the load disturbance. In
the sensorless FOC, the decrease in speed after the applied load is more significant.

Figure 31 shows the speed profile up to the nominal reference speed of 3000 rpm with
no-load conditions.
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Figure 31. Speed profile up to nominal reference speed with no-load: speed, speed error, dq voltages,
dq currents.

This figure can be used to determine the accuracy of the sensorless FOC with
Luenberger-type back-EMF observer in a wide speed range. The result is that the es-
timated rotational speed is tracking the real motor speed with very high accuracy, which
is evident from the speed error. Slight deviations are present in the motor transient due
to switching between two methods during motor start-up. The other reason for the small
oscillations lies in the controllers bandwidth.

5.4. Comparison of the Main Features for Stable V/f with CPF and Sensorless FOC with
Luenberger-Type Back-EMF Observer

The comparison of the main features regarding control performance of both sensorless
control strategies is presented in Table 3.

Some of the statements were verified experimentally within the article, e.g., accuracy,
load disturbance response, start-up, and structure tuning.

The dynamics of both control structures are good. However, sensorless FOC could
provide a faster speed response when increasing the bandwidth of the controllers. In the
case of stable V/f control, the parameters of the stabilizing loop should be modified to
improve the control dynamics.

Parameters dependence of the back-EMF observer was discussed in Section 3.2, while
the stable V/f is completely independent of the machine parameters. This is consid-
ered as the biggest advantage, because the machine parameters change during motor
operation, e.g., with saturation and temperature. Furthermore, these parameters are re-
quired for controller tuning in sensorless FOC, as derived in Sections 3.1.1 and 3.1.2.
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Table 3. Comparison between stable V/f with CPF and sensorless FOC with Luenberger-type
back-EMF observer.

Parameter Stable V/f with CPF Sensorless FOC with
Luenberger-Type Back-EMF Observer

Accuracy High High
Dynamics Good Very good

Parameters dependence Low Medium
Computational time Low High

Load disturbance response Very good Good
Start-up Good -

Structure tuning Easy Hard
Low-speed operation Bad -

Computational time can be determined analytically based on the complexity of both
sensorless control structures. Comparing Tables 1 and 2, it is evident that sensorless
FOC is more complex and requires more computational time and high-performance MCU.
Furthermore, the start-up control strategy has to be used regarding sensorless FOC, which
further increases the complexity of the whole structure.

Structure tuning is more complex for sensorless FOC, where the gains of speed and
current controllers have to be calculated. For the calculation, it is necessary to know the
machine parameters, which have to be measured or obtained by the machine manufacturer.
In stable V/f control, just a few parameters have to be set up properly, including stabilizing
loop parameters and the controller gains in the CPF loop.

Low-speed operation is not acceptable for both sensorless control strategies. In the
stable V/f control with CPF, boost voltage has to be applied in such a region to properly
control the machine at low speeds. Sensorless FOC with Luenberger-type back-EMF
observer cannot even be used in such a region due to the unfavorable signal-to-noise ratio
of the voltage measurements, which is the main disadvantage of the back-EMF-based
sensorless methods.

6. Conclusions

A novel CPF loop for stable V/f control of PMSM is proposed in this paper. The
proposed sensorless control strategy is robust against machine parameters variation and
offers a low-cost and simple-to-implement solution. It also allows controlling the motor
power factor without dependence on machine parameters with the new CPF loop in the
dvqv reference frame. The main advantages of such a structure are speed control accu-
racy, parameter dependence, and computational time. The proposed control strategy was
also compared against the traditional sensorless FOC with a Luenberger-type back-EMF
observer within the paper. The back-EMF observer depends on the PMSM model, so it
is necessary to know the machine parameters. The strategy with a back-EMF observer
can be used just in the mid- and high-speed regions but with more than satisfactory con-
trol performance. However, due to the low-speed performance disadvantage, the stable
V/f was also used as a start-up control strategy for sensorless FOC with the Luenberger-
type back-EMF observer, providing satisfactory results. The experimental verification on
a 1.41 kW PMSM machine designed for golf cart traction applications shows that stable
V/f with a CPF loop seems to be more attractive than the back-EMF-based method regard-
ing sensorless speed control.
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Appendix A

Table A1. Parameters of PIM.

Parameter Symbol Value Unit

Apparent power SN 150 kVA
Nominal voltage VN 340 V

Peak current Ipk 420 A
PWM switching frequency fPWM 3–12 kHz

Maximum electrical efficiency ηmax 98 %

Table A2. Parameters of PMSM.

Parameter Symbol Value Unit

Rated power PN 1.41 kW
Rated speed nN 3000 rpm
Rated torque TN 4.5 Nm
Rated current IN 44.18 A

Rated frequency fN 250 Hz
Pole pairs p 5 -

Stator resistance Rs 0.011 Ω
d-axis inductance Ld 0.052 mH
q-axis inductance Lq 0.059 mH

Permanent magnet flux linkage ψpm 0.0108 Wb
Motor inertia Jm 5.39 kg·cm2

System inertia Js 59.5 kg·cm2

Table A3. Parameters for the Stable V/f control with CPF.

Parameter Symbol Value Unit

Stabilizing loop constant C1 20 -
HPF time constant τH 15.9 ms

Proportional gain of the PI
controller in the CPF loop KPv 0.05 -

Integral gain of the PI
controller in the CPF loop KIv 1 × 10−5 -

Table A4. Parameters for the Sensorless FOC with Luenberger-type back-EMF observer.

Parameter Symbol Value Unit

Natural frequency of the speed controller f0ω
0.25 Hz

Natural frequency of the d-axis
and q-axis current controller f0dq 100 Hz

Natural frequency of the back-EMF observer f0bem f 100 Hz
Natural frequency of the tracking observer f0to 4 Hz
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