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Nomenclature

‘I"SS Stator flux vector in [, B] coordinate system

Py Rotor flux vector in [a, B] coordinate system
i§ Stator current vector in [a, ] coordinate system
i: Rotor current vector in [a, B] coordinate system

ug

Stator voltage vector in [a, B] coordinate system
Us,,Us, Stator voltage component in [, B] system

U, Us, Stator voltage component in [X, y] system
u,,u,,u, Stator voltage component in [a, b, c] system

iy Flux current component

Ig, Torque current component

R,R; Stator and rotor resistance

L,,L; Stator and rotor inductance

L Magnetizing induction

m
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Tq Rotor time constant

@, Mechanical angular speed
p Pole pair number

Wy Nominal rotor flux

y Rotor flux angle

1. INTRODUCTION

In the past several decades, due to advantages about the size, low cost, and power control capability,
the IM combined with modern control methods replaced DC motor in numerous industrial applications [1]. In
modern control techniques, the scalar control and field-oriented control (FOC) are the two most popular groups
for controlling the speed and the torque of IM drives.

Scalar control is appropriate for simple applications; however, the main disadvantage here is that it is
only effective with a steady-state during the operation, and the torque of IM cannot be appropriately controlled
in this method [2], [3]. The FOC strategy is applied in many complex industrial applications by its ruggedness
and high reliability. This method’s idea relies on the control of the stator current space vector by two
independent perpendicular components, isx, and isy like similar to separately excited DC motor. Here isx
component will maintain the rotor flux at a specific reference value; on the other, the torque will be adjusted
by isy component. The advantage of the FOC method is the capability to control exactly both the rotor speed
and the torque at the same time. Moreover, the IM drive applied the FOC method also achieve high performance
during transient conditions. However, the success of the FOC method depends completely on the accuracy of
machine parameters in the various operation condition [2]-[8].

The function of the FOC algorithm is to receive the required information of the rotor speed and then
provide the reference control signal, e.g., reference voltage, reference current, to the Pulse Width Modulation
(PWM) inverter or hysteresis current (HC) controlled inverter. This process is called the FOC loop, which
belongs to the closed-loop type. In this loop, the control process requires the feedbacks signal from sensors
such as rotor speed, stator currents, and stator voltages. Certainly, the precision of feedback signals plays a key
role in control algorithms. In this paper, the lack of feedback current signal due to the damaged sensor is
concentrated. During the operation of the IM drive, if the current sensor is broken, that will lead the incorrect
control for the whole drive system. Thus, to improve the high performance of the IM drive during the operation,
it needs a solution against the failures of the current sensor. And the current sensorless is a backup solution to
replace the faulty signal of CSs with a suitable estimated signal [9], [10].

In the paper [11], the IM drive based on the FOC technique uses an observer to estimate state variables
without AC current sensors. The observer receives the feedback signals from DC-link voltage, DC link current,
and speed sensor to implement the control method. The simulation results demonstrated the stable operation
of the IM drive in the normal speed ranges, but the rotor speed fluctuates in the high-speed ranges. Another
method only based on voltage scalar and measured rotor speed in the control speed of the IM drive without
CSs is presented in the paper [12]. This method has a simpler structure and faster response than the FOC
method. However, the effectiveness of speed control is worse than the FOC method; there is a disturbance of
rotor speed when a change in load torque occurs. As a different approach, the paper [13] presents a direct
predictive control scheme without CSs, here a double loop system is implemented, and the future stator currents
are predicted by the voltage signal, rotor speed signal, and machine parameters. However, the slow response
to reach reference speed is a disadvantage of this method. The paper [14] proposes a current sensorless
technique for controlling IM drives. The estimated stator currents are calculated directly from the differential
equations of stator and rotor current. The effectiveness of this method is demonstrated in various operating
conditions; however, the characteristic of rotor speed is not stable under the pulse torque condition.

In this paper, an improved algorithm is proposed to calculate the stator currents from the voltage
signal, rotor speed, and rotor flux in the FOC control loop. Here, the feed-forward FOC is applied in the control
loop, and real current signals will be replaced by stator currents of the estimator in the comparison algorithm
of the HCC. The feasibility of the proposed method will be demonstrated by simulation results in
MATLAB/Simulink software.

2. THE CURRENT SENSORLESS (CSL) ALGORITHM
In this section, the feed-forward FOC technique and current sensorless method will be described.

2.1. The Feed-forward FOC technique based on hysteresis current controller.

Generally, The FOC is a method based on the DC motor idea that means the rotor flux and the torque
is controlled separately by two elements isx, and isy. Here x-axis of the rotating [x,y] coordinate system is the
same axis with the rotor flux.
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The most important step of the FOC technique is determining the rotor flux space vector: the modulus
and angle y. Based on ways to determine the rotor flux angle, FOC techniques are classified into direct field-
oriented control (DFOC) and Indirect field-oriented control (IFOC). With DFOC methods, the rotor flux angle
can be measured directly from Hall sensors or calculated directly from voltage and current signals in the voltage
model of the IM. In IFOC methods, the angle vy is estimated from measured signals of current sensors and a
speed sensor in the current model of the IM, or only measured speed signal.

In this paper, due to the stator current signals from sensors will be not used for the control of the IM
drive, so the IFOC technique receiving an only feedback signal from speed sensor called Feed-Forward FOC
method will be applied to calculate and provide the reference currents to the current controller [6]. Here, the
typical current controller uses the hysteresis modulation based on the comparison between reference stator
currents and measured currents from sensors to generate the control pulse signals to the inverter’s six switches
[15].

The IM can be controlled by the Feed-Forward FOC technique shown in Figure 1. The reference
element iy, can be estimated from the nominal rotor flux constant as Eq. (1).

. 1 . dy, .
Iy, = :{WR +Tq %J = % 1)

The PI controller is used to estimate the reference electrical torque T, from the difference between

reference speed and feedback speed signal. The reference component can then be obtained from the relationship
of the reference torque and rotor flux as Eq. (2).
. 2 L, T

Sy_

=— ; )
3p Lm U/R

The element rotor flux angle y can be determined from the measured rotor speed and the rotor slip as
below Eq:
y=[(pa, +o,)dt
g ®)
TeV/z
The reference stator current signals in the three-phase [a, b, ¢] system will be transformed from the
rotating coordinate [X, y] system by reverse Clarke-Park’s transformation as Eq. (4).

i, =g, cos(y) —ig, sin(y)
iy = ig, cos(y —120°) —ig, sin(y —120°) (4)
i; =ig, cos(y +120°) —ig, sin(y +120°)

In the current controller, real values of stator currents from sensors will be compared to the reference

stator currents, and their errors are applied to generate switching commands for the inverter to implement the
speed control in the IM drive system.
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Figure 1. Block diagram of the Feed-forward FOC technique with current sensors.

2.2. The Feed-forward FOC technique based on hysteresis current controller without current sensors.

Figure 2 presents a sensorless control scheme where the estimated current signals will replace the
measured stator current signals.

The stator current estimator’s inputs comprise the rotor speed mm Signal, the amplitude of rotor flux,
the rotor flux angle, and the stator voltages where these three-phase voltages [ua, Us, Uc] Will be determined
from the DC-link voltage and switching-pulse signals of the current controller.

We can obtain the rotor flux in stationary [o, B] coordinate system in two ways: using the current
model as in (5), or applying the voltage model as in (6), [16].
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Figure 2. Block diagram of the Feed-forward FOC without current sensors.

By substitution of (5) into (6), we can derive the stator current estimation equation as below:

dis . .
ot = AU A AP — JAOw,
L L2
A= Ay = s ()
LSLR_Lm TRLR(LSLR _Lm)

(=R i Loy
A<t Te fa L

LR(LSLR_Lfn) o LR(LSLR_Lﬁq)

LZ

Normally, the rotor flux will be calculated from the current model (6) and transfer into the stator
current estimation equation (7), [17]-[20]. However, because IMD in the sensorless mode does not receive the
feedback current signals from the current sensor, therefore this way is impossible. Thus, the rotor flux of the
current model will be replaced by the rotor flux space vector from the feed-forward FOC loop. The result as
the estimated stator current can be calculated as (8).

dig . w5 .
St =AW AR AR — IAGY ®)

By using Eq.(8), the IM drive system can be controlled to adapt to the speed and torque changes by
the HCC without CSs. The number of differential equations required for this method is two; it is less than the
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four differential equations of the current estimation method, which is presented in [14]. Thus, it is possible to
reduce the complexity of the current estimation algorithm to facilitate the control aspect of the IMD.

3. RESULTS AND ANALYSIS

To demonstrate the feasibility of the proposed method, simulations in Matlab/Simulink will be
implemented. Here, the model of IM from the software library will be applied with machine parameters listed
as follows:

Pn=4.0 kW, ®n = 1430 rpm, p = 2.

Ish =8.4 A, Usn =400 V, ¥s, = 1.23 Wh.

Rs=1.405Q,Rr=1.395Q,

Ls=0.178 H, L =0.178 H,

Lm=0.172 H, TR = 0.1276 s.

Model simulation of the IM drive system is described in Figure 3. Here, the switching inverter is
controlled by the HC method. The current estimation unit in Figure 4. receives input signal: the voltages, the
measured rotor speed, the reference rotor flux, and rotor flux angle to calculate the stator currents. The
estimated stator current will be sent back to the FOC loop to implement the inverter control demand
corresponding to the hysteresis-current control method.
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Figure 3. Model simulation of IM drive system applied HC method.
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Figure 4. Block diagram of current estimation
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Figure 5. The operation of IM applying the CSL technique in no-load condition:
(a) Rotor speed at 70% - 35% rating speed, (b) Three-phase current of estimation, (c) Comparison between
A-phase measured and estimated current, (d) Difference between A-phase measured and estimated current.

T T T T T T T 15 F T T T T
——— measured current
1000 10 F ' — — —eslimated current
i
800 5 I
— 1001 L — I P —_ 0 i AR A
£ oo NWJ 5 | ‘!|‘|” i \“||||
g 1000.5 z s A R AR
o 05 0.5005 0.501 ) J
a | | = L1
o 400 =R H] -
- . _ _ 3 s I\
s = [ ]
200 2 : — g o i ' '
o 20 S T 1
H i 5
[}
o 1 2 3 4 5 25 W 4
. | | \ | . | . ] . 148 152 154 |
05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5
Time (seconds) Time (seconds)
(a) (c)
40 T T
estimated ia 10 F ! ! .
20 —estimated ib | | P Current-difference
estimated ic l
R ol e o A 5 ‘ |
E‘- a 11700 M A Y -3 |I
= T ol -
5 20 T T T T T T T 1 3 M
= =
3] 3 S0
R % 7 . R I (1
IO OO |
5 |‘
B0 F . - - -10 1i
135 136 137 138 139 14 v
-80 1 i i 1 1 1 I i i .
o 05 1 15 2 25 3 35 4 45 0 05 1 15 T.z 25 d:i 35 4 45 5
. Ime (seconads,
Time (seconds) ( )

Figure 6. The operation of IM applying the CSL technique in torque load of 5 N.m condition:

(a) Rotor speed at 70% - 35% rating speed, (b) Three-phase current of estimation, (c) Comparison between
A-phase measured and estimated current, (d) Difference between A-phase measured and estimated current.

An Improved Current-Sensorless Method for Induction Motor Drives Applying ... (Cuong Dinh Tran)



136 a ISSN: 2089-3272

Case study 1:

The operations of the IM drive will be simulated at the normal speed under many different load
conditions. The rotor speed set in two reference speeds is 70% and 35% of the rating value, as in Figure 5.
Beginning with a no-load condition, the current controller compares the estimated stator current and reference
stator current to generate the control signals to the switching inverter. Figure 5 shows the rotor speed responses
of IM drive applying the current sensorless method. The actual rotor speed precisely follows the reference
speed, and the estimated stator current is similar to the measured signal, from starting point time to 0.5 sec.
The rotor speed increases from zero value to reference value; besides, the estimated stator current is calculated
from the rotor speed. As a result, the transience of the estimated current occurred in a short time at the starting
period, then the estimated current quickly returns stably state similar to the measured signal of sensors.

Next simulation, a torque load of 5 N.m is applied to the drive system at the time of 0.5 sec. The rotor
speed, estimated stator current, and comparison result between measured and estimated current signals in the
specific phase current were presented as in Figure 6. Similar to the previous case, the simulation results proved
the stable and accurate operation of IM drive applying the current sensorless technique.

To prove the robustness of the proposed current sensorless method, a pulse torque of 5 N.m is applied
to the simulation model. The simulation results in Figure 7 demonstrated that the IM drive system applying the
current sensorless strategy still ensures the good capability to control the speed and torque, similar to cases
using the CSs.
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Figure 7. The operation of IM applying the CSL technique in pulse torque load of 5 N.m condition:
(a) Rotor speed at 70% - 35% rating speed, (b) Three-phase current of estimation, (c) Comparison between
A-phase measured and estimated current, (d) Difference between A-phase measured and estimated current.

3.2. Case study 2:

The operations of the IM drive will be simulated at the low-speed zone under conditions as the same
as the previous cases. The rotor speed set in two reference speeds is 20% and 10% of the rating value in these
simulations. In sequence, the simulations are executed with no load condition, a load of 5 N.m condition, and
a pulse load of 5 N.m condition. The simulation results are shown in Figure 8, Figure 9, Figure 10; due to the
lower reference speed signal, therefore the overshoot of the estimated current in the transient state is smaller
than in the previous case. Corresponding to the simulation results obtained, the effectiveness of the proposed
is verified to replace the methods using CSs.
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A-phase measured and estimated current, (d) Difference between A-phase measured and estimated current.
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Figure 9. The operation of IM applying the CSL technique in torque load of 5 N.m condition:
(a) Rotor speed at 20% - 10% rating speed, (b) Three-phase current of estimation, (c¢) Comparison between
A-phase measured and estimated current, (d) Difference between A-phase measured and estimated current.

Journal homepage: http://section.iaesonline.com/index.php/IJEEI/index



Indonesian Journal of Electrical Engineering and Informatics (1JEEI)
Vol. 9, No. 1, March 2021, pp. 130~140
ISSN: 2089-3272, DOI: 10.11591/ijeei.v9i1.1619 a 138

measured current
= = —estimated current

ALK

= — = Reference speed
T T 1 T — Aclual speed

— 200 |- — - - i
= j M \
[ 06 08 1 t t 2
| | I~ Torque

Current (A)

[ L 145 15 155 16 165 17
1 2 3 4 5 -30
| H L L . L I | L i i | ] | ]
] 05 1 15 2 25 3 35 4 45 5 o 0.5 1 15 2 25 3 35 4 45 5
Time (seconds) Time (seconds)
(a) (©
15 T T T T T T T T T , , , , .
| | | ] | | ] 10 T T i 1 .
"
5 |
5t |
|
= 0 Hii = \
s ) < I‘n
-— ! 2 or j\_ﬂwwwwmvm-~k—,¥kﬂk¥.
5 ° / | g |/
= E
S -10 S N\
O [ sk I ] | ] | ] I ] I 1
-15 }
20 b -0
a5 1.32 1.34 1.36 1.38 14 142 1.44
' ; X : 5 ’ ’ o 05 1 15 2 25 3 35 4 45 5
0 0.5 1 15 2 25 3 35 4 45 Time ( ds)
) ime (seconds
Time (seconds)

Figure 10. The operation of IM applying the CSL technique in pulse torque load of 5 N.m condition:
() Rotor speed at 20% - 10% rating speed, (b) Three-phase current of estimation, (¢c) Comparison between
A-phase measured and estimated current, (d) Difference between A-phase measured and estimated current.

4. CONCLUSION

An improvement of the current sensorless applying the IM drive based on the HC control technique
is presented as the main content of this paper. The stator current used to replace the measured current is
estimated from the voltage signal, measured rotor speed, reference rotor flux space vector, and machine
parameters by the differential equation. Reference flux is applied in differential equations to reduce the
complexity of the current estimation algorithm. The simulation results in MATLAB/Simulink environment
verified the reliability and stability of the proposed strategy in controlling the speed and the torque of the IM
drive. The proposed method’s success depends on the accuracy of the rotor time constant Tr, which is affected
by the motor’s operating temperature; therefore, the estimated rotor time constant should be researched to
improve the accuracy of the current sensorless method in the next researches.
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