A Speed PMSM Control Technique With a Single
DC Bus current Sensor

Mokrane BALA!, Imen BAHRI', Adrien MERCIER'!, Mohamed KHANCHOUL?, Guillaume KREBS!
! GeePs | Group of electrical engineering — Paris, CNRS, CentraleSupélec, Univ. Paris-Sud, Univ. Paris-Saclay,Sorbonne Univ.
Gif-sur-Yvette , France
2 Valeo Thermal Systems, La verriére, France
(Mokrane.bala, imen.bahri, adrien.mercier, guillaume.krebs)@geeps.centralesupelec.fr

Abstract— In this paper, we propose a speed Permanent
Magnetic Synchronous Machine (PMSM) sensorless control
technique. The approach is based on the measurement of the DC
Bus current. A reconstruction phase current algorithm is
developed and presented. This algorithm is mainly based on the
switches’ control signals of the inverter generated by the
SVPWM. However the phase current reconstruction with a
standard SVPWM induces some dead zones. So, the
measurement of the DC Bus current is not possible due to the
fact that the duration time of the active voltage vector is shorter
than the minimum time necessary for the current acquisition.
To overcome this issue, we propose an Adjusted SVPWM
control strategy which allows a reliable reconstruction of the
phases currents.

Keywords— PMSM, Sensorless current, reconstruction

current phase algorithm, SVPWM.

I. INTRODUCTION

The Permanent Magnet Synchronous Machines (PMSM)
are widely used in high speed applications. They are used in
different fields due to a series of advantages. Their strengths
are high power density, high efficiency and small torque
ripple. Furthermore, their simple structure and small volume
give them a great advantage and a wide range of application
[1]-[2]. Different methodologies are used in the literature to
control PMSMs [3]. In order to achieve a high-precision
control performances of PMSM, accurate acquisition of phase
current and position is needed. Usually, those information are
obtained via current and position sensors. This comes at the
expense of an increased cost and volume. Moreover, the
control quality may be deteriorated due to inaccurate
acquisition especially in noisy environment. Therefore, the
best way to deal with those problems is to reduce the number
of sensors used in the feedback loop and use sensorless control
techniques.

Many current sensorless control techniques have been
developed and are available in the literature [4]-[8]. The main
idea of these techniques is the reconstruction of the phase
currents based on the combination of the measurement of the
DC Bus current and the switches control signals generated by
the SVPWM. But, the drawback of such techniques are the
dead zones where the DC Bus current acquisition is not
possible. Several studies have reported this limitation and
proposed some promising solution to bypass them [9]-[13].
However, all these papers propose a simulation or
experimental tests at limited speed range around 1000 rpm or
2000 rpm. Realising that to validate the reliability of the
technique, it should be used in different operating point
especially at high speed where the acquisition point are not
enough.

This paper proposes a high speed PMSM sensorless
control technique with a single current sensor. The phase
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currents are reconstructed using the measurement of the DC
Bus current and via a phase current reconstruction algorithm.
The main idea is to propose an Adjusted ASVPWM in order
to ensure the minimum duration time of the active voltage
vector which overcome the issue of dead zones and allow a
proper reconstruction of the phase’s currents. To validate the
reliability of this technique and see its limits, a simulation test
is carried out at different level of speed especially at high
speed and with different switching frequency.

This paper is organized as follows: an overview of the
system structure is depicted in section II. Section III addresses
the current phase reconstruction algorithm. Simulation results
and analysis are shown in Section IV. Lastly, section V draws
some concluding remarks.

II. SYSTEM STRUCTURE

A. overview

Fig. 2 shows the typical block diagram of speed control of
the PMSM, fed by a three phase bridge converter. The
originality of this system is the use of a single current sensor.

The software of this system is composed of a
reconstruction block of phase’s currents, two control loop:
current and speed, and the ASVPWM.

In this paper, we focus on the phase current reconstruction
block and the ASVPWM block. The first block has as input
the DC Bus current and the switch control signals which are
generated by the ASVPWM, and it has as output the three
phase currents. The second generates the switches control
signals in order to command the inverter.

B. Voltage source inverter

A voltage source inverter is commonly used to supply a
three phase induction motor with wvariable switching
frequency and variable voltage for variable speed
applications. The three phase inverter consists of six power
switches and six freewheeling diodes as shown in “Fig. 1”.
Regarding the fact that the state of the two switches of the
same arm are complementary, we can consider just the high
level switches.
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Fig. 1. Three phase inverter
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Fig. 2. Overview of the control system with DC Bus current

A state variable S; (i€ {a, b, c}) represents the upper switch
states. Using Si=1 to represent the closed state of the upper
switch of the phase “i”. Conversely, S;i=0. To represent the
open state.

C. SVPWM

The SVPWM technique is employed to obtain the
required output voltage in the phase side of the inverter. It
provides a higher voltage to the motor with a lower harmonics
distortion. A revolving reference voltage vector is provided
as voltage reference instead of the three phase voltage during
a carrier period T.. This reference vector is applied to the
inverter by generating a switches control signals. The eight
possible switching combination for the inverter form eight
basic voltage vectors (Vo-V7).
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Fig. 3. Vectors and sectors of SVPWM

Six out of these eight voltage vectors producing a nonzero
output voltage are known as active voltage vectors (V1-V6)
and the remaining two voltage vectors producing zero output
voltage are known as zero voltage vectors (V0, V7). The Six
active voltage vectors shape the axes of hexagonal as
depicted in Fig. 3. Meanwhile, the two zero voltage vectors
are at the origin. The space between each two active voltage
vectors is called sector, there are six. The angle between any
adjacent two active voltage vectors is 60 degrees.

In a carrier period Tc, The SVPWM approximate the
rotating reference voltage vector using the eight voltage.
Depending on the placement of the reference voltage vectors,
two active voltage vectors and the two zero voltage vectors
contribute to the application of this reference vector. Fig. 4
shows an example of the reference voltage vector at the sector
n°l.

V, (100)

Fig. 4. Reference vector applying in sector 1

Each active voltage vector in Tc and depending on sector
have a duration time of application. , this duration can be
calculated as follow:
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Where:

T): application’s duration of the first voltage active in each
sector,

T»: application’s duration of the second active voltage vector
in each sector,

To: application’s duration of zero voltage vector in each
sector.

III. PRINCIPLE OF SINGLE CURRENT SENSOR

The use of a single current sensor requires an
algorithm for reconstruction the phase’s currents needed to
control the PMSM. This algorithm will be essentially based
on the single measure of the DC Bus current. Indeed, the idea
is to assign the instantaneous measure of DC current to a
phase current depending on the different states of the inverter
switches. The relation between the DC Bus current and the
control signals of the switches is defined as follow:

Idc = Sa*Ia+ Sb*Ib+ Sc*Ic (2)
The following table summarizes the relation between the DC

Bus current and the phase current for each combination of the
switch control signals.



TABLE 1. RELATION BETWEEN THE PHASE CURRENTS AND THE DC
BuUS CURRENT ACCORDING TO THE VOLTAGE VECTORS

Voltage
Space vector
Dc Bus
current

Vo V] V2 V3 V4 Vs V(, V7

0 I, - Iy -y I -Iy 0

The phase currents are reconstructed in each carrier period.
During this period, the reference vector applied with
SVPWM is represented by two active voltage vectors and two
zero voltage vectors (Vo and V7). Knowing that the
measurement of the Dc Bus current is done during the
application of the active voltage vector, the reconstruction of
two phase current is possible. The third phase current will be
calculated knowing that the sum of the phase current balance
system is zero.

L+L+L.=0 3

In order to illustrate the principle of the reconstruction, we
consider the case where the reference vector is located in the
sector n°1. This sector is confined between two active voltage
vectors: Vi (Sa=1, Sp=0, Sc=0) and V; (S:=1, Sp= 1, S=0).
The execution of the reference vector is done by applying two
active voltage vectors and two zero voltage vectors during a
carrier period. In order to generate the control signals to the
inverter switches, these voltage vectors are applied in the
following order V¢-Vi-V2-V7-V7-V,-V - Vj as shown in the
Fig. 5. Regarding the fact that the distribution of voltage
vectors is symmetrical during a period, we can consider just
the first half-period Vo-V-V2-V7.
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Fig. 5. Distribution of the voltage vectors in the sector n°1

The application of these voltage vectors on the inverter is
shown in the “Fig. 6. Start with the zero voltage vector VO
(0 0 0), all the high switches of the inverter are open. In this
case, the source doesn’t supply power. The value of the Dc
Bus current is zero (Igc = 0). The second applied voltage
vector is V1 (1 0 0), the high switch of the phase “a” is the
only one closed. In this case, the entire Dc Bus current flows
through phase a (Isc = I.). The next voltage vector is V2 (1 1
0), the high switches of the phase “a” and “b” are closed. The
Dc Bus current flows through two phases, so the information
on the phase currents is not accurate. However, the return of
the Dc Bus current flows just through the phase “c”. In this
case, the Dc Bus current is assigned to the phase ¢ but with a
negative sign (Ig. = -1c). Once two phase currents are known
by the measurement of the Dc Bus current, the third current
will be calculated from their values. In this case, the missing
phase current is the phase b, its value is calculated as follow:

I = L1 @)

The TABLE. III summarizes the reconstruction of the phase
currents in each sector.
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Fig. 6. Current under different voltage vectors applying in sector 1: (a) V,
applied, (b) V, applied, (¢) V, applied, (d) V7 applied.

TABLE II. SUMMARY OF THE PHASE CURRENTS RECONSTRUCTION
ALGORITHM
Voltage Measured | Calculated
Sector
vector current current

| Vi(100) I, I
V,(110) I b

5 V,(110) 1. I
V5(010) Iy B

3 V;(010) Iy I
V,011) 1, ©

4 V,011) I, I
V5(001) I, b

5 Vs(001) 1. I
Ve(101) I, B

6 Ve(101) Iy I
Vi(100) 1, ©

IV. ENHACED PHASE CURRENT RECONSTRUCTION

The reconstruction algorithm is based on the
measurement of Dc bus current, this measurement is done
during the application of the active voltages. The measured
value will be process and assign to the right phase.

In practice, the current measurement process requires a
certain amount of time to be completed. This time is equal to
the sum of the dead time of the inverter Tge.d, the time of
establishment current T and the digital analogic conversion



time T,ac. In the rest of the paper, we call Tyina the minimum
duration of current acquisition and it is defined as follow:

Tmina = Tdead + Tset + Tadc (5)

To have a proper reconstruction of the phase currents, the
duration of the application of the active vector should be
greater than the minimum time of the current acquisition.

The measurement process requires the continuity of the
current for a certain time which has been called the minimum
duration of current acquisition. In our application, the
measurement of the DC Bus current is made during the
application of the active voltage vectors. These have a
definite duration time of application in each carrier period.

In the Fig. 3, hatched areas represent the different values
of the reference voltage vector where the phase current
reconstruction is not possible. Indeed, the generation of the
reference vector in these areas is done via the application of
two active voltage vector where their application times are
less than the minimum duration of current acquisition
“Tmina”.

In order to ensure the continuity of the -current
measurement process in the hatched zones, the solution is to
extend the duration time of application of the active voltage
vector to reach a duration time higher than Tiina The principle
is based on the replacement of the original reference vector,
during a carrier period, by two new reference vectors. Each
reference vector will be applied for a half-carrier period:

- Vmes: The first reference vector applied during the first
half-carrier period, called the measurement reference
vector Vimes. The two current acquisitions are made during
this period

-Veomp The second vector called the compensation
reference vector Veomp. The application of this vector
allows to compensate the effect of the duration extension
done by the Vmes to keep the mean value of the two new
reference vectors equal to that of the original reference
vector during a carrier period.

The hatched areas shown in Fig. 3 are divided, according to
the position of the reference vector in the hexagon, into three
parts:

A. Sector’s start

In this zone the measurement of the phase current provided
by the application of the second active voltage vector V2
(110) is not possible, because its application time T is less
than the minimum duration of current acquisition Tmina.
Actually, the angle of the reference vector is of low value
which causes a short application time of the second active
voltage vector.

In order to fix this and as example , we replace the
reference vector “Vif’ by two new reference vectors as
shown in Fig. 7.The measurement reference vector “Vmes”
provides the necessary magnitude and angle to extend the
duration time T, up to Trmina as illustrated in Fig. 8. This new
reference vector will be in the same sector “1” as the base
reference vector, while the compensation reference vector
“Veomp” Will be in the adjacent sector “6”.The magnitude and
the angle of the compensation reference voltage vector are
calculated in such a way as to keep the mean value of the two

new reference vectors equal to that of the basic reference
vector.
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Fig. 7. Reference vector applying at the beginning of sector 1
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Fig. 8. Switching control signal applying at the start of sector 1: (a) with
Standard SVPWM, (b) With Adjusted SVPWM

B. Sector’s end

In this area, the measurement of the current provided by
the application of the first active voltage vector is not possible,
because its application time T; is less than the minimum
duration of current acquisition Tmina. Actually, the value of the
reference vector angle is close to n/3 which causes a short
duration of application of the second active voltage vector.

In order to fix this, we will apply the same method as the
case of the beginning of sector. But in this one, the magnitude
and angle of the reference vector will be calculated to extend
the duration time T} to the value of Tmina as depicted in Fig.10.
The compensation reference vector will be, this time, in the
adjacent sector n°5 as shown in the Fig. 9.
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Fig. 9. Reference vector applying at the end of sector 1
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Fig.10. Switching control signal applying at the end of sector 1: (a) with
Standard SVPWM, (b) With Adjusted SVPWM

C. Low modulation index

In this case the problem is more complicated, the
measurement of the current provided by the application of the
two active voltage vectors is not possible. This is due to the
low value of the reference vector magnitude as depicted in
Fig. 11, which generates a short duration time of application
of the active voltage vectors T1 and T2 as shown in Fig. 12.
These duration time are both less than the minimum duration
of current acquisition Tina.
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Fig. 11. Reference vector with a low modulation index applying in sector 1
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Fig. 12. Switching control signal for a reference vector with a low
modulation index applying in sector 1: (a) with Standard SVPWM, (b)
With Adjusted SVPWM

To resolve this problem, we replace the reference vector
by two new reference vectors as illustrated in Fig. 11. The
measurement vector has the same angle as the basic reference
vector but with a larger module to ensure a duration time of
application of the two active voltage vectors T1 and T2 equal
to the Tmina as shown in Fig. 12 This measurement vector is
in the same sector as that basic reference vector "1", while the
compensation vector will be in the opposite sector “4” as
shown in Fig. 11 .

V. SIMULATION AND ANALYSIS

In order to validate the phase current reconstruction
algorithm proposed above at high speed, a simulation of the
speed control of the permanent magnet synchronous machine
is carried out with the Adjusted SVPWM in Matlab/Simulink.

The designed control system is represented in Fig. 2 The
simulation parameters are set as follow: PMSM rated speed
5000 rpm, pole pairs 5, DC Bus voltage 320 V, rated Power
S5kW, rated torque 5 Nm. This parameters refer to a real
PMSM for an air-conditioner application.

Fig. 13.a shows the results of simulation of the speed
variation which varies from 0 to 9000 rpm with a step at 5000
rpm. And Fig. 13.b represents the reconstructed phase
currents. The switching and a sampling frequency set at 10
kHz.

Speed (rpon

Time () Time (5)

(a) (b)
Fig. 13 : (a) PMSM speed with f;,=10 kHz, (b) reconstructed phase current

We notice a good follow-up of the measurement speed
until 5000 rpm with some delay due to the speed controller
parameters. Above this limit, we observe an
underperformance of the control.  This is due to the loss of
the phase currents reconstruction, because from 5000 rpm the
acquisition points are not enough for the reconstruction.

A solution to overcome this problem is to modify the
switching frequency. In Fig. 14 we restart the same
simulation with a switching and a sampling frequency set at
20 kHz.
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Time (s) Time (s)
(a) (b)
Fig. 14. (a) PMSM speed with f;,=20 kHz, (b) reconstructed phase currents

In this case, the speed ripples are eliminated as shown in
Fig. 14a. The corresponding current at 5000 rpm and 9000
rpm are depicted in Fig. 14b. We notice that with switching
frequency set at 20 kHz, the phase currents are reconstructed
at 9000 rpm as well as at 5000 rpm.

In The Fig 15, a zoom on the reconstructed phase currents
and the phase currents obtained via simulation at 5 000 rpm
and at 9000 rpm with ASVPWM is presented.
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Fig. 15. Phase currents: (a) current obtained via simulation at 5000 rpm,
(b) currents obtained via simulation at 9000 rpm (c) Reconstructed current
at 5000 rpm, (d) reconstructed current at 9000 rpm

On one hand, we can notice that the phase current are not
deteriorated with the modification of the SVPWM at 5000
rpm or 9000 rpm. On the other hand, the phase currents are
properly reconstructed. The Fig 17 presents a comparison of
the reconstructed current and the current obtained by
simulation of the phase a.

Gurrent (A)
Current (A)

(2 (©)

Fig. 16. Comparison between reconstructed current and the current
obtained via simulation of the phase a: (a) at 5000 rpm, (b) at 9000 rpm

The Fig. 16. shows a good concordance between the two
currents at low speed as high speed, witch confirms the good
reconstruction of the phase currents in the different operating
points.

Fig. 17. shows the spectrum of reconstructed phase
current and the spectrum of the phase current obtained via
simulation at 5000 rpm.
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Figure 17 : (a) spectrum of phase currents obtained via simulation at 5000
rpm, (b) spectrum of reconstructed phase currents at 5000 rpm

The THD is 4,45% of the phase current obtained via
simulation, whereas the THD of the reconstructed phase
current is 4.90%. So, the distortion in waveforms of the
reconstructed phase current is quite low.

VI. CONCLUSION

In this paper, a PMSM control technique with a single
current sensor is proposed. A phase currents reconstruction

algorithm was developed. This latter presents some limits due
to the dead zone induced by the SVPWM. An Adjusted
SVPWM was presented in order to overcome these issues. A
simulation test was carried out to validate the reliability of the
algorithm at a high speed with different switching frequency.

We have highlighted that speed ripples appear at high
speed, due to the low switching and carrier periods. Indeed,
the number of the current acquisition points were not enough
to properly reconstruct the phase currents. We can conclude
that the principal limitation of the high speed control is the
carrier period.

Future work aims at experimental implementation and
validation of the developed algorithm on an experimental test
bench available at the Lab.
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