ORIGINAL ARTICLE
Electrica 2021; 22(1): 101-108

Current Reconstruction for PMSM Drives Using a DC-Link Single

Current Sensor

Mustafa Aktas®, Baris Cavus

Department of Electrical-Electronics Engineering, Ondokuz Mayis University, Faculty of Engineering, Samsun, Turkey

Cite this article as: M. Aktas and B. Cavus, “Current Reconstruction for PMSM Drives using a DC-link Single Current Sensor,” Electrica, 22(1), 101-108, Jan. 2022.

ABSTRACT

This article presents field-oriented control of permanent magnet synchronous motor (PMSM) with single current sensor (DC-link). Field-oriented control requires
current values flowing from three phases of the motor. These currents can be determined by current sensors to be connected to the phases as well as DC-link current
sensor to be connected to supply side of invertor. Only one current value is determined by DC-link sensor. In this method, current reconstruction method is used to
determine the current flowing from three phases. In this study, two different methods were compared. The mean value method and the least squares method were
used to determine the current flowing through three phases using the current value measured from the DC-link current sensor. Performance evaluation of these two
methods was made by comparing the integral squared error and total harmonic distortion values of the three phase currents obtained.
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I. INTRODUCTION

Permanent magnet synchronous motor (PMSM) is widely used in industry as well asin applications
such as automotive and robotics [1,2]. Small size, high speed response, low inertia, and no
need for maintenance can be considered as the reasons for the widespread use of PMSM [3].
In addition, in recent years, price of materials in PMSM such as magnets has decreased [4].
Compared to other machines, advanced control strategies such as DTC can be easier to apply
to PMSM [5].

PMSM must be driven with advanced control methods because this machine has undesirable
effects. If PMSM is derived directly, as it starts to work, it draws high current from the source, has
alow dynamic response, and has a large error in the steady-state operation. As a result, advanced
control method such as field-oriented control (FOC) must be used to obtain efficiency and good
dynamic performance [6,7]. Using FOC, the torque and flux vectors of PMSM can be controlled
separately, as in the control of separated excited DC motor [8,9]. Blashke proposed FOC in 1971
[10]. In FOC, two phase variables (currents and fluxes) of PMSM are obtained from three phase
variables, and this calculation is performed by using park transformation. Flux and torque con-
trol of PMSM are realized by using these two phases obtained as a result of park transformation.
Therefore, mathematical model of three-phase PMSM can be written like a separated exited DC
motor. Thus, control of torque and speed of PMSM can be realized easily [11,12]. FOC method has
some advantages such as low ripple in flux and torque, low switching frequency, and high stable
operation.

Three phase currents flowing through the stator phases are required for motor control. These three
phase currents in stator windings are determined by the sensors. Currents in three-phase wind-
ings can be determined with the current sensors to be connected to two or three phases as well as
a single sensor (DC-link) to be connected to the supply side of the inverter. With this technique, the
number of current sensors can be reduced, so cost of the current sensor to be used is decreased
[13,14]. In addition, measurement noise is reduced with this method [15]. With the DC-link current
sensor, complexity of the system is reduced, and it enables protection of drive system against some
faults [16]. Although just one current value is read with the DC-link current sensor, three phase cur-
rent values are required for FOC. This problem is solved by current reconstruction methods.
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One phase current is determined with DC-link current sensor and
other two phase currents can be calculated by current reconstruction
methods. Which phase current is read by DC-link sensor is determined
by inverter topology and applied voltage vector. There are some stud-
ies in the literature that make vector control of PMSM using DC-link
current sensor [17-24]. In Rieder et al. [17] and Piippo et al. [18], the
operation of the speed sensorless PMSM with the DC-link current sen-
sor is realized. In Yeom et al. [19], new mathematical method for cur-
rent reconstruction is used. In Ahmed et al. [20], the maximum torque
per ampere operation of PMSM is performed with DC-link current
sensor. In Kraemer et al. [21], the operation of PMSM with DC-link cur-
rent sensor is carried out with linear parameter varying. In Li et al. [22],
fault detection and isolation study of PMSM is carried out with DC-link
current sensor. In Lu et al. [23], the novel phase current reconstruc-
tion scheme without using null switching states is proposed. In Wang
et al. [24], a new current regeneration method is proposed by moving
the position of the single current sensor (SCS) from the DC bus to a
current branch.

In this study, simulation of FOC of PMSM has been done in MATLAB
M-file. Using PMSM and FOC's equations, PMSM’s FOC control is
modeled in MATLAB M-file environment. Three phase stator currents
required for the FOC were obtained using the DC-link current sen-
sor and curve-fitting algorithms. In this study, two simple and easy
to apply current reconstruction methods are proposed. Two differ-
ent curve-fitting methods, which are mean value method and least
squares methods, have been developed. At the end of the study, the
reconstructed current and real phase current graphs were obtained
for the two curve-fitting methods. In order to make a good com-
parison of the two methods, harmonic analysis of motor currents
was made. In addition, for both methods, the integral squared error
(ISE) value was calculated using error between the reconstructed
and measured currents.

1. FIELD-ORIENTED CONTROL OF PMSM

A. Mathematical Model of PMSM

PMSM comprises two parts (a rotor and three phase stator windings).
Three phase voltage is applied to stator windings, and rotational
magnetic field is generated by these windings. In addition, rotor has
permanent magnets and these magnets produce rotor magnetic
field. The rotor magnetic field follows rotating magnetic field gener-
ated by the stator windings and so PMSM runs [24]. Dynamic equa-
tions of PMSM can be written as below [25]:

dig __R; ke Va (1)

dt Ly Ly Ly

Va=Lalg+yn @)

o =Ly, 4
3p

T. :T(Wm/q +(Lo-Lg)ldly) (5)

Equations (1)-(6) can be solved with numerical solution methods,
and simulation of PMSM can be realized. In the equations given
above, V, and V, are d and g components of stator voltage, /, and
I, are d and q components of stator current, y, and y, are d and q
components of stator flux, y,, is flux value of permanent magnet, T,
is induced torque, T, is load torque, and , is rotor speed. The param-
eters of the PMSM used in this study are given in Table .

B. Field-Oriented Control

There are some advanced altertative current (AC) motor control
strategies in application. One of the most successful methods in
these strategies for the control of PMSM is the FOC. Fig. 1 shows the
block diagram of classical FOC. As it can be seen in Fig. 1, torque
reference is calculated using Proportional-Integral (PI) controller and
the speed error, which is the difference between the reference speed
and the actual motor speed. d component of the reference current
can be calculated using reference flux and the torque. Additionally,
transformation angle and g component of the reference current are
calculated by using these two reference values. Three phase refer-
ence currents are calculated using Park transformation and d and q
components of reference currents. Park transformation can be writ-
ten as follows:

\/g cos(6) —sin(6)
o
7
\/i COS[G—Z—RJ —sin(e—EJ iy ?
2 3 3
cos(9+ﬁj —sin(9+ﬁj
3 3 )]

The reference currents and actual motor currents flowing in stator
windings are compared, and current error signals for each phase
are obtained. Switching signals are obtained using the current
error signal and hysteresis controller. Consequently, switching sig-
nals are applied to inverter, and PMSM runs in desired speed and
torque [26].

—_

N | =

TABLE I. PARAMETERS OF PERMANENT MAGNET SYNCHRONOUS MOTOR

Power 1.1 kW
Nominal torque 3Nm
Nominal speed 3000 rpm
Pole number 8
Stator resistance 2875Q

d axis inductance 8.5 mH

g axis inductance 8.5 mH
Magnet flux linkage 0.175Wb
Inertia 0.0008 kgm?




Electrica 2022; 22(1): 101-108
Aktas and Cavus. PMSM Drives Using a DC-Link Single Current Sensor

lpref

Wyer
—>©—> Speed control

e
Reference I d d dq
» d current > e f
calculation abc Hysteresis _._
i control
T, 7 Reference I ZI ef
q current > abc I
calculation abe
A
0
»| Reference
angle
A
Wy

Fig. 1. FOC block diagram.
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Fig. 2. DC-link current sensor.

11l. DC-LINK MEASUREMENT METHOD

In order to carry out vector control of PMSM, the currents flowing from
the stator windings must be determined. In this study, these currents
were determined with DC-link current sensor and two different curve-
fitting algorithms. Inverter circuit and DC-link current sensor connec-
tion are given in Fig. 2. Only one current value is measured with the
DC-link current sensor. According to the voltage vectors applied to
the inverter, the phase to which this DC-link current belongs to can be
determined. Table Il shows which phase current is measured in each
voltage vector.

As it can be seen in Table Il, only the current of a single phase can be
specified with the DC-link current sensor, and the phase of this current
changes according to the applied voltage vector. Curve-fitting meth-
ods can be used to determine the current values of other phases. In
this study, the mean value method and the least squares method were
used to fit the curve for determining other phase currents.

In Fig. 3, voltage vector plane is divided into three areas, which are
low modulation area, sector boundary area, and measurable area.
In order to reconstruct the phases current, DC-link current must be

TABLE Il. DC-LINK CURRENTS AND VOLTAGE VECTORS

Voltage Vector S, S, S, Iy
Vv, 0 0 0 0
v, 0 0 1 i,
v, 0 1 0 —i.
v, 0 1 1 i
v, 1 0 0 —i,
v, 1 0 1 i
v, 1 1 0 —i,
V. 1 1 1 0

measured at least two times in a cycle. In sector modulation area,
just an active voltage vector is active. Additionally, in low modula-
tion region, DC-link current cannot be measured because of zero
voltage vectors.
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Fig. 3. Voltage vectors and immeasurable areas.

A. Mean Value Method

In this method, the current value of one of the phases is determined
according to Table II. The current value of the other two phases is
calculated using the average of the last five values of that phase. For
example, if the V, voltage vector is applied, the i, current is measured
by the DC-link sensor. In this case, i, current can be determined as
follows with mean value method:

(is +it7 +ik 2+ +ig™)
s (8)

sk+1
IbJr =

The following equation is used for the current value of the other
phase (i,). In this way, three phase currents are calculated:

ig+iy+i.=0 (9)

Similarly, phase currents can be found if other voltage vectors are
applied. For example, if V, voltage vector is applied, i, current is mea-
sured by the DC-link sensor, and i, and i. can be calculated analyti-
cally using (8) and (9).

B. Least Squares Method

This method, developed by mathematician C. F. Gauss (1795),
was used for the first time in determining the trajectory of
Ceres asteroid in 1801 and was published for the first time in
1809 in the second volume of Gauss's collections. French math-
ematician A. Legendre in 1805 and American mathematician R.
Adrain discovered the same method independently and unaware of
Gauss in 1808. The least squares method is used for curve fitting in
many areas.

In this method, the current value of one of the phases is determined
according to Table Il. The current value of the other two phases is
calculated using the least squares method. For example, if the
V, voltage vector is applied, the i_ current is measured by the DC-link
sensor. In this case, i, current can be determined as follows with the
curve equation to be obtained as a result of curve fitting [27]:

ib(tk):ao +aty (10)

By the definition of the least squares method:

n

E=D (1)

k=1

E=>[ao+ate—is(t)] (13)

In these equations, € is the current error value, and E is the sum of the
squares of these errors. If value of E is minimized according to a,and
a,, the following expressions are obtained:

n n
e)-ana Y
2 lt)=an+a .t (14
n n n
i(t t:az t+az t2
D ()=o) trad t 1s)

Using (14) and (15), g, and a, values are calculated, and the curve
fitting is made up. Consequently, value of i (t,,,) can be determined
using (10). In addition, i, can be determined using (9).

C. Performance Evaluation of Current Reconstruction Using Total
Harmonic Distortion and Integral Squared Error
After applying FOC to PMSM with the DC-link current sensor and to
test the success of the curve-fitting methods used, total harmonic
distortion (THD) value of PMSM'’s phase currents can be used. The
THD value of a signal can be calculated as follows:

>
2 x100% - (16)

i

In addition to the THD, the ISE value can be calculated by taking the
difference between reconstructed currents and the real phase cur-
rents flowing through the windings. Using an error signal, the ISE
value can be calculated as follows:

ISE:I(iact(t)—i,ec(t))zdt , (17)
0

IV. SIMULATION RESULTS

In this study, the simulation of the circuit given in Fig. 1 was per-
formed. In this simulation, the values of the phase currents required
for FOC were determined by DC-link current sensor shown in Fig. 2
and curve-fitting methods. Average value and least squares method
were applied as curve-fitting methods. PMSM was operated with
nominal speed and torque values, and phase current graphs were
obtained. Fig. 4 shows the DC-link reconstructed currents, and Fig. 5
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Fig. 4. Reconstructed phase currents using mean value method.

Fig. 7. Actual phase currents using least squares method.
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Fig. 5. Actual phase currents using mean value method.

shows the graphs of the real phase currents obtained by applying
the mean value method.

Fig. 6 shows the DC-link reconstructed currents, and Fig. 7 shows the
graphs of real phase currents obtained by applying the least squares
method.

The graph of the current of phase aobtained as a result of both curve
fitting methods is given in Fig. 8. As it can be seen in Fig. 8, it is clear
that the ripple in some regions of the current graph obtained by the
mean value method is higher than the least squares method. These
ripples should be minimal, as they damage the battery.

In order to compare the two methods, harmonic analysis of the real
phase currents obtained as a result of the application of both meth-
ods has been done. The THD values for both methods are given in
Table lll.

As can be seen from Table lll, the THD values of the currents of phases
aand cand induced torque (T,) are lower in the least squares method
and close to sensored method (real current value). The THD value of
phase b is approximately equal for two curve-fitting methods. Based
on THD values, it can be said that the least squares method is more
successful than mean value method.

In addition to the THD values, the current error was calculated using
the difference between the reconstructed currents and actual val-
ues, and using these error values, ISE values for the two curve fitting
methods are calculated and given in Table Ill. According to Table III,
the values of the phase currents estimated by the least squares
method are closer to the values of the actual phase currents. In addi-
tion, error between reference and induced torque is smaller for least
squares method than mean value method. Considering both har-
monic analysis and ISE values, both methods seem to be successful.
In addition, when both THD and ISE values are taken into consider-
ation, it can be said that the least squares method is more successful
than the average value method.

In addition to current graphs, torque and speed graphs for both curve
fitting methods are given in Fig. 9 and Fig. 10. When Fig. 9 is analyzed,
itis seen that there are large ripples in the torque graph obtained as a
result of applying the mean value method. When Fig. 10 is analyzed,
the speed graph obtained by applying the least squares method
is closer to the reference speed. The least squares method in both
graphs gave better results than the mean value method.

V. CONCLUSION

Inthis study, FOC of PMSM was successfully realized using only DC-link
current sensor. Only one phase current was measured instantly, and
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Fig. 6. Reconstructed phase currents using least squares method.

Fig. 8. Phase a current of PMSM.
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TABLE Ill. TOTAL HARMONIC DISTORTION (THD) AND INTEGRAL SQUARED ERROR (ISE) VALUES

THD ISE
Method/Phase Mean Value Method Least Squares Method Sensored Method Mean Value Method Least Squares Method
i, 7.8154 6.9331 6.126 84485 x 10° 84429 x 10°
i, 8.1173 8.2087 7.935 85.689 x 10° 85.62 X 10°
i, 7.2031 6.956 6.518 85.689 x 10° 85.62 X 10°
T, 40.869 38.573 35328 1.18 % 10° 1.1795 x 10°
4 Peer-review: Externally peer-reviewed.
—Mean Value Method
—Least Squares Method Author Contributions: Concept - M.A,, B.C; Design - M.A,, B.C,; Data
'E~3‘5 Collection and/or Processing — M.A., B.C; Analysis and/or Interpretation - M.A.,
Z B.C.; Literature Search - M.A,, B.C.; Writing Manuscript — M.A., B.C.; Critical
g 3 Review -M.A,, B.C.
g
it 25 Conflict of Interest: The authors have no conflicts of interest to declare.
Financial Disclosure: The authors declared that this study has received no
2 ‘ ‘ ‘ ‘ ) )
0.0125 0.025 0.0375 0.05 0.0625 0.075 financial support.
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