
437Bull.  Pol.  Ac.:  Tech.  68(3)  2020

BULLETIN OF THE POLISH ACADEMY OF SCIENCES 
TECHNICAL SCIENCES, Vol. 68, No. 3, 2020
DOI: 10.24425/bpasts.2020.133369

Abstract. The paper presents a sensorless control approach for a five-phase induction motor drive with third harmonic injection and inverter 
output filter. In the case of the third harmonic injection being utilised in the control, the physical machine has to be divided into two virtual 
machines that are controlled separately and independently. The control system structure is presented in conjunction with speed and rotor flux 
observers that are required for a speed sensorless implementation of the drive. The last section is dedicated to experimental results of the drive 
system in sensorless operation, and the uninterrupted drive operation for two open-phase faults.
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sensorless drives. This is explained through differences between 
inverter output and motor input voltages and current. The differ-
ences in voltages could be up usually to 4.5% in magnitude and 
few degrees in phase-shift. In other words, the LC filter is an 
element outside the inverter, but the control algorithm is in gen-
eral based on the inverter internal voltage and current sensors. 
The solutions to these problems are presented in [10, 13, 14], 
which are mainly based on the LC filter model introduction into 
estimation and control. In this regard the proper and applicable 
method for multiphase drives is still unique and only proposed in 
[15‒17], in which the multiscalar control structure has been used 
[18]. It is worth mentioning, that the less popular multiscalar 
control is one of the drive control methods that is mostly known 
to be used for sensorless speed control and is partially similar 
to methods that are known as nonlinear control [19]. The mul-
tiscalar control has been recently implemented for multiphase 
drives without LC filter in [9, 20] and with LC filter in [15‒17].

This paper focuses on the five-phase drive, whose general 
structure has been presented in Fig. 1.

To illustrate an advanced multiphase drive configuration, 
the paper includes sensorless control that utilizes the 3rd har-
monic injection in conjunction with the inverter output filter. 
In contrast to [15] and [16], a simplified control structure is 
presented, in which the LC filter is taken into account in the 
control process, but the number of controllers is kept identical 
as used for a conventional drive without a LC filter, as men-
tioned in [17].

1.	 Introduction

The development of three-phase machines is in continuous 
progress. New sophisticated control methods were invented 
in conjunction with higher fault-tolerant algorithms, to ensure 
higher efficiency, as well as higher reliability [1]. Nevertheless, 
the progress in the power electronics area and accompanying 
decreasing prices for semi-conductors are making multiphase 
with a phase number higher than three, increasingly attractive.

The five-phase induction motor is the most prominent rep-
resentative in this field. The possibility of torque enhancement 
through the third harmonic injection in combination with high 
robustness make this machine significant competition to the 
three-phase induction motor [2‒5]. Moreover, this drive system 
excels with its fault tolerance when one or even two non-ad-
jacent phases are opened. This could be especially important 
in applications that require high responsibility. Nevertheless, 
due to the higher number of phases, the voltage generation 
requires a more complicated vector modulation [6‒8], and when 
the third harmonic is injected, the control system is more com-
plex [1‒5, 9, 10].

A further component that improves the reliability of a drive 
system is the inverter output filter, or LC filter [10‒12]. The 
application of this kind of filter is especially important for drive 
systems with long supply cables, e.g. elevators, cranes and earth 
deep hole pumping stations. Additional LC components act as 
low-pass filters in each phase that change the rectangular-shape 
waveform of the inverter output voltage to a nearly smooth sinu-
soidal shape. The benefits of the reduced voltage raise dv/dt are 
for instance less stressed stator insulation, and reduction of the 
harmful common mode current that is especially important for 
motor bearings. All these improvements lead to overall life-time 
increase of the motor. However, the LC filter makes the oper-
ation of the drive control system complex, especially in speed 

Fig.1. Structure of the five-phase induction motor drive with LC filter
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The control is based on two multiscalar control systems, 
which allow an independent control of the 1st and 3rd harmonic 
rotor flux components. To meet the requirements of sensorless 
control, two observers were implemented that estimated the 
rotor angular speed and rotor flux. In all these structures, the 
presence of the inverter output filter is considered.

The last section of the presented paper is dedicated to the 
experimental results that demonstrate the function of the drive, 
and the extraordinary operation with one or two non-adjacent 
open phases. These experimental results for healthy and faulty 
drive operation confirm the correct and robust operation of the 
drive.

2.	 Control System

The torque improvement in five-phase drives is possible, by 
injecting the third harmonic, up to 15% as reported in [21] and 
[22]. The utilization of third harmonic voltages and currents 
leads to quasi-trapezoidal flux distribution [1‒5, 7, 20]. To 
achieve the highest performance, a machine with concentrated 
windings is indispensable, which practically means one stator 
slot per pole and coil. The separation of the machine's natural 
variables into two independent virtual machines is possible with 
the transformation matrix in Eq. (1):
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This matrix allows a separation of the physical machine 
into two virtual machines – 1st and 3rd harmonic, or 1st and 2nd 
coordinate systems, respectively (Fig. 2).

The implementation of a drive with 3rd harmonic injection 
thereby requires two independent voltage modulation proce-
dures, control systems and a synchronization unit.

A control system that proved reliable operation in this con-
figuration is the control based on mutliscalar variables, as pre-
sented in [9, 10, 16, 19, 20, 23].

The multiscalar control variables are denoted as follows [9]:

	 x(I )
11  = ω (I )

r � (2)

	 x(i)
12 = ψ (i)

rα i (i)
sβ  ¡ ψ (i)

rβ i (i)
sα � (3)

	 x(i)
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rα  + ψ 2(i)
rβ � (4)

	 x(i)
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rβ i (i)
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where x11 is the rotor angular speed, x12 is proportional to the 
torque, x21 is the square of the rotor flux vector products, and 
x22 is the scalar product of the stator current vector and rotor 
flux vector. The superscript (i) describes the applied orthogonal 
plane for the 1st and 3rd harmonic (noted as I and II respec-
tively).

The control system structure is illustrated in Fig. 3.
The complete control system includes two independent 

sub-control systems for the 1st harmonic and for the 3rd har-
monic, respectively. This allows independent control of the 
rotor f lux, which is required to generate a quasi-trapezoidal 
rotor f lux distribution. The only difference between the 1st 
and 2nd control system is that the speed controller in the 1st 
plane is replaced with a rotor f lux speed controller, whose 
input is provided by the synchronisation unit, as presented in 
[9, 15, 17, 20]. After the decoupling of the non-linear system 
and the LC filter consideration, the desired voltages are deliv-
ered to the five-phase Pulse Width Modulation (PWM) routine, 

Fig. 2. Schematic representation of the concept of five-phase induction motor control with 3rd harmonic injection
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which generates two, independent voltages for each virtual 
machine [8].

The inverter output filter is located in the control system to 
ensure reliable drive operation. Several propositions have been 
presented. However, the solution to overcome this problem, 
which is proposed in [10, 13, 14, 24] requires an additional sub-
ordinate control system, with coordinates transformation and 
further two or four PI controllers for the three-phase induc-
tion motor. That means that the application of this solution in 
two control planes, which is the case of the five-phase induc-
tion motor drive, will require consideration of four or eight 
additional PI controllers [15, 16]. The concept presented there 
offered good control properties, but requires PI controller tun-
ing. This increases the level of complexity and involves much 
more computing time, which is very limited in the micropro-
cessor for a multiphase drive.

Furthermore, to be able to accomplish the main tasks for the 
control, a compromise solution has to be found, which would 
reduce the computational effort of the LC filter control. The 
proposed solution is based on filter inductance voltage drop 
calculations, as denoted in (6).

	 u ̂ (i)1α = Lf
di (i)

1α

dτ
,    u ̂ (i)1β = Lf

di (i)
1β

dτ
� (6)

The filter current differentials of i1α and i1β, calculated each 
time in the observer, presented in the next section, are used to 
calculate the magnitude of the resulting voltage drop on the 
filter inductance:

	 jU (i)
1 j = Lf
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2
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2

� (7)

where jU1j is the output filter inductance voltage drop.
However, it is known that the differentials are sensitive to 

fast changes, which are likely to occur in the PWM supply 
drive. To limit these unwanted effects, the filtration was used:

	 jU (i)
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di (i)
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dτ

2

 ¡  
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1β

dτ

2

 ¡  jU (i)
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where jU1Fj is a temporary variable for filtering the differen-
tials, and kf  d is the filter coefficient.

The filtered voltage drop is added to the desired voltage of 
the control system before the execution of the PWM routine. 
This voltage drop compensation serves as support of the control 
system in both planes (Fig. 4).

Fig. 3. Multiscalar control structure with 3rd harmonic injection and rotor flux synchronisation
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A situation with no voltage drop consideration that leads to 
oscillations in the drive system, especially in the higher speed 
range when the voltage drop caused by the filter inductance 
is higher.

The used voltage drop consideration is not the most opti-
mal solution, compared to the solutions mentioned e.g. in 
[10, 13, 14, 24], mainly due to the fact that the concern of 
the phase shift between inverter output and motor input is 
not addressed. However, the experimental investigations have 
shown that in this particular case the voltage drop consideration 
helped the drive system overcome the main difficulty related to 
the presence of the filter with very low computational effort, 
which was the compromise that had to be made in the exper-
iment, and was an essential prerequisite for putting the drive 
into operation.

3.	 Sensorless control

For the sensorless control, the selection of the appropriate speed 
observer is indispensable. Furthermore, if the 3rd harmonic is 
injected, a second observer is required for the virtual machine. 
In case that an inverter output filter is installed to the drive 
system this structure has to be included in the estimation pro-
cedure.

The speed observer that is used in the control system is an 
enhanced version of the speed observer structure introduced 
by Krzemiński for three-phase machines [25], and includes the 
capacitor voltage calculation with simultaneous filtration of the 
calculation.

The complete speed observer equations are denoted as fol-
lows [17]:
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where the hat operator ^ indicates estimated values of next 
vectors: is stator current, ψr rotor flux, ζ electromotive force, uc 
capacitor voltage, i1 inverter output current. Moreover, k1 … k6 
are the observer gains, Rf  the filter damping resistance and 
us

* is the stator reference voltage. The coefficients a1 … a6 are 
defined in relation to motor parameters as follows:

	

a1 = –(Rs Lr
2 + Rr L2

m)/Lrwσ ,

a2 = Rr Lm/Lrwσ , a3 = Lm/wσ , a4 = Lr/wσ ,

a5 = Rr Lm/Lr , a6 = –Rr/Lr , wσ = Lr Ls ¡ L2
m
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where Ls, Lr and Lm are the stator, rotor and mutual inductances, 
Rr and Rs are the resistances for rotor and stator and have to 
be calculated separately for the 1st and 2nd plane, because the 
five-phase induction motor parameters are different in each 
plane (Table 1).

The machine parameters were determined with conventional 
idle and short circuit tests. However, the two tests were per-
formed by supplying only the 1st harmonic and subsequently 
the 2nd plane completely independent from each other.

The most important state variable for the 2nd plane control 
system is the rotor flux. For this reason, a rotor flux observer 
is only needed. The more compact observer is also beneficial 
in terms of computational effort in the control structure. In the 

Fig. 4. LC filter inductance voltage drop compensation used in control system
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presented control system, most of the available calculation time 
is used by the PWM and the control system. For this reason, 
the selected observer for the 3rd harmonic injection has to be as 
small as possible but as precise as possible to ensure a rotor flux 
estimation in nominal conditions, which is in the 3rd harmonic 
at 150 Hz. The rotor flux observer that is used for the 2nd plane 
is a modified version of the Luenberger observer presented in 
[23], and is denoted in (15‒19):
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According to the speed observer in the 1st plane, the capac-
itor voltage is calculated with simultaneous filtration of the 
variable. The rotor speed that is required for the flux estimation 
is calculated based on the rotor speed estimation Eq. (20).

4.	 Experimental results

The experimental results are dedicated to the sensorless oper-
ation, and to the open phase fault-tolerant operation for which 
the five-phase induction motor stands out. The drive system 
consists of a voltage inverter (nominal power 5.5 kW, FPGA 
– Altera Cyclon II, DSP – ADSP-21363), a five-phase induc-
tion motor (Table 1), and an inverter output filter (Lf = 5 mH, 
Cf = 14 µF, Rf = 1.1 Ω). In order to meet the requirements of 
sensorless operation, only the inverter output currents and the 
DC-link voltage are measured. Based on these variables, the 
rotor speed is calculated. All observer gains were initially deter-
mined in the simulation research, and tuned in the experimental 
test setup.

The first result (Fig. 5) illustrates the resulting rotor flux 
distribution, the vector component of the estimated rotor flux 
in the 1st and 2nd control plane, and the synchronisation error in 
steady state conditions at a rotor speed of 0.3 p.u.

Table 1 
Parameters of a five-phase induction motor

Parameter Value

Power 5.5 kW
Current 8.8 A
Voltage (phase) 173 V
Frequency 50 Hz
No load speed 1500 rpm

Parameters for the 1st plane

Stator resistance 1.04 Ω
Rotor resistance 1.69 Ω
Stator, rotor leakage inductance 11 mH
Mutual inductance 286 mH

Parameters for the 2nd plane

Stator resistance 1.04 Ω
Rotor resistance 2.56 Ω
Stator, rotor leakage inductance 9 mH
Mutual inductance 48 mH

Fig. 5. Rotor flux vector components – resulting rotor flux, rotor flux 
vector component in 1st and 2nd plane, and synchronisation error
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nisation error is less than 0.05 rad. A low error is especially 
mandatory here for a continuous and stable synchronisation of 
both rotor flux components.

The next experiment (Fig. 6 and Fig. 7) demonstrates the 
multiscalar variables of both control systems.

oscillations, which do not interfere with the drive operation as 
can be seen in the rotor speed which is represented by the x11 
variable.

Figure 7 demonstrates the multiscalar variables in the 2nd 
control plane for an identical speed change, as presented in 
Fig. 6. In contrast to the multiscalar variables in the 1st plane, 
the 2nd plane multiscalar variables are oscillating. The torque 
variable is also different and negative. The negative torque 
component is required here to obtain a positive torque on the 
driving shaft (Eq. (20)). The flux component x21 also shows 
oscillations. However, it holds a mean value of 0.035 p.u., 
which is mandatory to achieve a quasi-rectangular rotor flux 
distribution.

It has to be underlined here, that the 2nd plane control system 
operates at frequency three times higher, which, in nominal 
conditions, is 150 Hz. This high frequency makes the estimation 
of the rotor flux in conjunction with the low current and voltage 
values an exceptionally complex task.

The next experiment (Fig. 8) presents a speed reversal of 
the machine from 0.02 p.u. to – 0.02 p.u., where the resulting 
rotor flux distribution, the estimated and measured speed and 
the synchronisation error is presented.

The multiscalar variables for the 1st control plane are pre-
sented in Fig. 6 during a motor speed change from 0.2 p.u. to 
1.0 p.u., and as expected, the speed change causes an increase 
of the x12 variable, which represents the torque of the 1st plane 
machine. The x21 variable, which mirrors the rotor flux of the 
machine, presents a stable and continuous transient during the 
complete record. However, the control variable x22 presents 

Fig. 8. Low speed reversal – resulting rotor flux component, measured 
and estimated rotor speed, and synchronization error

As showed in Fig. 8, the operation at lower speed is possi-
ble with the 3rd harmonic injection and the resulting rotor flux 
distribution is maintained during the complete sequence. This 
operation point is extraordinary difficult for the reason that 
the 3rd harmonic was here injected and synchronized with the 
fundamental. Everything was performed in a sensorless oper-
ation in conjunction with the inverter output filter. The error 
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5.	 Open-phase fault operation possibility

The most promising advantage of a five-phase induction motor 
drive is the ability to provide torque with one or two non-adja-
cent phases [2‒3, 26‒30]. This advantage is paid with a current 
increase of the remaining healthy phases. However, this current 
increase is in contrast to three-phase machines, at an uncritical 
level.

The following experiments present the open-phase operation 
possibility of the drive system to prove the uninterrupted oper-
ation of the proposed sensorless control. It has to be mentioned 
here that no post-fault countermeasures, e.g. control parame-
ters or voltage modulation, were taken during the experiments. 
Moreover, the 3rd harmonic injection was deactivated for this 
test for the reason that the synchronisation was lost during this 
experiment, and the attempts of the synchronisation control 
unit to synchronise the 2nd control system would only disturb 
the drive operation.

Figure 9 presents the transients of the measured inverter 
output currents in each phase.

deactivated. If phases A and C are deactivated, the elliptical 
change is then intensified, which indicates also the lag of sym-
metry in the five-phase system.

To emphasise the open phase operation possibility, the fol-
lowing experiment (Fig. 11) presents the rotor direction change 
from negative nominal rotor speed to nominal speed. It has to 
be mentioned here that the control system worked even in this 
faulty condition in the sensorless configuration, which under-
lines the stable operation of the observer in this critical state.

Figure 11 illustrates the measured rotor speed and the esti-
mated rotor speed with phase A open (black), and with phases 
A and C open (red). Even the critical zero frequency transi-
tion did not cause any interference, which could be seen as 
extraordinary for the speed observer that was applied here. The 

Fig. 9. Phase currents transients during successive deactivation of 
phases A and C

The first phase deactivation (Fig. 9) causes an increase in 
the remaining phases. However, continuous and uncritical oper-
ation of the drive is still possible. Next, the deactivation of 
phase C causes a further current increase in the remaining three 
phases, but at an uncritical level for the machine. A minimal 
current flow is still recognisable for the reason that the inverter 
output filter is installed.

The change of this phase symmetry is also clearly visible in 
an xy-diagram of the inverter output current vector component 
(Fig. 10).

The trajectory of the inverter output current vector is circu-
lar in healthy conditions and changes to elliptical if phase A is 

Fig. 10. Measured inverter output current vector components – healthy 
state (black), phase A open (red), and phases A and C open (green)

Fig. 11. Measured and estimated rotor speed during motor reversal 
with phase A, and phase A and C opened
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direction change with two opened phases is slower, which is 
mainly caused due to the current limitation of the control sys-
tem to ensure safe operation of the drive. However, such an 
operation is possible even with two opened phases, which can 
be considered outstanding.

6.	 Conclusion

The paper presented the sensorless operation of a five-phase 
induction motor drive with inverter output filter and 3rd har-
monic injection. The multiscalar control system structure was 
presented, which included two independent control systems and 
a synchronisation unit. Such a structure was required to allow 
independent control of both virtual machines and to archive the 
quasi-trapezoidal resulting rotor flux distribution. To meet the 
requirements of speed sensorless control two observers have 
been presented for the speed estimation in the 1st plane sys-
tem, and rotor flux estimation in the 2nd plane. The presented 
observers ensured stable properties in nominal condition, which 
is 150 Hz for the 2nd plane. Even in low speed operation the 
system was stable with synchronisation of the 3rd harmonic and 
proved to be a difficult operation point. However, the major 
advantage of the proposed observer is its stability to parameter 
changes of the machine, which was proved with the demon-
stration of the open-phase uninterrupted operation capability. It 
should be underlined here that the novelty was in the observer 
structures in which a simultaneous calculation and filtration of 
the capacitor voltage drop value was performed that enabled 
the quality of this operation.

The last section was dedicated to the verification of the 
drive operation with one or two non-adjacent phases. It has 
to be mentioned here, that no control parameters have been 
changed during this experiment. The fault tolerance of the pre-
sented control system also allowed a direction reversal with two 
opened phases in the sensorless configuration. This extraordi-
nary fault tolerance underlines the high responsibility of the 
proposed sensorless drive, which is outstanding compared to 
three-phase drives. Furthermore, the injection of the third har-
monic enables a higher material exposure of the stator that is 
gained through the introduction of a second control system with 
rotor flux synchronization. This is especially important for the 
industry, for the reason that this additional torque generation 
could be implemented without the need to increase the produc-
tion costs of the machine.
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