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Abstract - Electric motors, especially large-capacity Induction Motors (IMs), are the main load components and consume most
electricity output from industrial zones and factories. As a result, optimizing the efficiency and operation of such loads will
significantly improve the power quality and reduce power losses on the grid. A crucial control scheme is to propose an
effective way to decline Power Loss (PL) against an overtime-changing network voltage. The present paper introduces a new
optimal solution to reduce the PL of industrial production lines embedded in many three-phase asynchronous motors. This
study evaluates the influence of voltage fluctuations on three-phase AC motors to propose and design a new-generation voltage
regulation system. Such a system consists of distributed reactive power compensation (DC) devices located at the load nodes,
and they are monitored and regulated by a common Central Controller (CC). This novel hybrid integration can optimize the
production lines’ operation mode and the power transmission ’s efficiency. This work also presents a specific series of steps to
address an adequate compensation of reactive power for each induction machine, thereby enhancing the quality of voltage and
power at the loads, reducing the loss of active power, and extending the lifespan of the equipment. Furthermore, this work
implemented and represented several simulations in Matlab/Simulink and experiments on a practical power system to verify

the feasibility of the studied hybrid DC-CC approach.

Keywords - Power quality, DC-CC strategy, Reactive power compensation, Induction motor, NEMA curve.

1. Introduction

Electricity is probably considered to be the lifeblood of
every country. Power quality is becoming increasingly
important as the economy, science, and technology levels
grow. The technology change that makes electricity efficient
and economical will greatly benefit manufacturers and
consumers.

However, in addition to these technological advances,
new equipment and technological lines adversely affect
power quality. Therefore, comprehensively solving the
power quality problem requires the coordination and efforts
of all three parties: electrical equipment manufacturers,
power supply units and all electricity users. Solving the
problem of improving power quality based on voltage

adjustment at electrical loads will help users save energy
consumption, reduce costs, and improve productivity and
efficiency. It is entirely able to increase the durability of the
equipment and ensures the health of electricity users [1-17].

Significant loads in factories and industrial zones are
usually asynchronous motors, especially induction machines
with huge power capacities. It is a fact that these motors are
about 60% of the total load of the distributed electric power
grid [18]. When the quality of power is not guaranteed, the
PL in most parts of the IMs will increase, increasing the
temperature of the machines, shortening the service life, and
possibly disrupting the production process. In addition, this
phenomenon also affects the electric grid, decreasing the
system’s power factor and increasing the grid’s PL [19-24].
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This study focuses on presenting and conducting the
following issues:

Consider the overall problem of PL, including
calculating the effects of power quality on the
performance of electrical equipment (especially 3-phase
induction machines). It should be a problem not
considered and calculated in the voltage regulation and
reactive power compensation process.

The voltage deviation affects the motors and electrical
energy consumption depending on the type, rated power,
and load ratings. When the voltage deviation exceeds
allowable levels, the motor’s efficiency could be
declined [37]. When a decrease of 5% of the voltage
appears compared with a rated value, an approximated
reduction of 1% regarding the motor’s efficiency may
appear. When the voltage applied to the motor is
reduced by about 10% from the rated voltage, the
efficiency declines by 3-4% [22].

Voltage Fluctuation: The phenomenon of voltage change
occurring very quickly in a short time (less than one
minute) is called voltage fluctuation. The cause of this
phenomenon is mainly dependent upon electrical loads
with fast-changing working characteristics (i.e., motors,
electric welding machines, arc furnaces), the closing and
cutting of renewable energy sources, or the instability of
the primary energy source. Voltage fluctuations also
cause equipment performance to decrease quickly and
affect the health and safety of workers [23]. The voltage
fluctuations do not compulsorily exceed 2.5% of the
rated voltage [22].

The effect of unbalanced voltage on the armature of
three-phase motors reduces the rated power factor and
motor efficiency and increases the power consumption
[25-28]. When the voltage imbalances are 2%, 3.5%,
and 5%, the power losses increase to 8%, 25%, and
50%, respectively, compared with the rated PL of the
motors [19], [29-30]. When the voltage asymmetry is
more significant than 5%, the PL across the windings is
90% greater than the rated PL [28], [31]. Therefore,
according to international standards, the allowable
voltage asymmetry should be less than 2%.

The voltage harmonic effect causes the resistance and
reactance in the rotor circuit to be changed. When the
harmonic order increases, the coil’s inductance will
decrease, and, in the meantime, the resistance and
reactance of the coil will increase. As a result, the
temperature in most parts of the induction machines
varies. In the same harmonic order, the temperature
increases as the harmonic value rises. Therefore, the
power losses in the IMs will also increase, and the motor
efficiency will decrease [18], [32-36].

A solution to the above problems can be conducted
successfully with a synchronous procedure, including
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reactive power compensation, harmonic filtering, and voltage
regulation. This increases the network’s effectiveness
meaningfully, reduces power losses, and improves
equipment lifespan [36].

Centralized Compensators (CC) should be generally
embedded near the step-down transformer.  This
characteristic causes the amount of active PL on connecting
cables to be not decreased. An extensive occurrence of
voltage drops will occur, resulting in a significant decrease in
the asynchronous motors’ efficaciousness.

Therefore, this work proposes a new voltage regulation
strategy applying distributed reactive power compensators
(DC) integrated with a Central Controller (CC) considering
the power losses of the IMs due to voltage changes to
enhance the transmission efficiency of the power grid. As a
result, the novel compensation method can be defined as a
hybrid DC-CC-based compensation strategy. The core idea
of this control scheme is based on successfully solving an
optimization problem of power losses.

The current paper is organized as follows. Section 2 will
introduce the newly hybrid DC-CC-based reactive power
compensation algorithm proposed in this study. A procedure
to implement this approach will also be provided. Section 3
represents simulation and experiment results to testify to the
applicability of the proposed scheme. At last, several
conclusions will be deduced in Section 4 of the current

paper.

2. Distributed Compensation Integrated with

Central Control (DC-CC) Strategy

The primary influence of power quality on the
performance of IMs is the voltage quality consisting of low
voltage drop or rise, voltage asymmetry, and harmonics.
Therefore, to limit the influence of this problem, this work
proposes a voltage control solution using distributed
compensators with a centralized control unit (DC-CC
strategy).

2.1. One-Line Diagram in a Factory

A typical single-line or one-line diagram representing
the electrical system in a factory is shown in Figure 1. Here,
MBA — T1 and MBA — T2 are the step-up and step-down
transformers. Three IMs, PC1, BPC 2 and DC3, are
considered three significant grid loads.

Remember that each load containing an asynchronous
motor is equipped with a compensator as a distributed
compensative controller. At the same time, a centralized one
is also embedded in the main bus (see Figure 1).
Considering adjusting the reactive power and voltage to
minimize the PL in the entire network, this strategy uses
distributed reactive power compensation devices.
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Fig. 1 A typical one-line diagram in a factory with three significant induction loads machines

This system includes compensating devices at each load
node, and a control device is placed at the centre. This
control part regulates the power flow and supports
compensating devices when the voltage drops low or
unwanted problems such as voltage asymmetry exist. It is
noted that reactive power-compensating elements used to
regulate the voltage can be step- or smooth-adjustable
devices.

The central device receives all the signals of each load,
thereby calculating the compensation capacity for each
distributed compensator based on the optimization problem
of the PL for the entire plant. In a central control system, it is
possible to place additional reactive power compensating
devices to supplement or reserve the amount of reactive
power that may be lacking for distributed compensation
devices.

To calculate optimally PL and compensation capacity
for equipment locations in an electric power grid, it should
be mandatory to consider the replacement scheme of the
network when applying compensating devices, as shown in
Figure 2.

2.2. Operation Principle of the System

The central controller calculates the amount of power to
be compensated for at each load branch. Subsequently,
peripheral devices will be regulated regarding their power
and the firing angles’ regulation for the compensators located
at the centre. When closing a branch of the distributed
devices, it is mandatory to combine with the regulation of
triggering angle a to be a minimum value omin.
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This opening angle o will be adjusted until the power is
minimized. Peripheral devices’ power can be regulated
depending on several key factors. They consist of voltage,
reactive power, and power factor. A centrally controlled
distributed voltage regulator optimizes the lines,
compensators, and IM losses.When compensated devices are
embedded in the transmission lines, it is necessary to
compute several system factors regarding the low-voltage
side of the transformer MBA-T2. At this time, the loss of
active power caused by the asynchronous motor on the grid
when there is a compensating device that ignores the
mechanical loss, the loss of the electromagnetic field, etc.
[37]:

AP = th Pnz +(Q112_Qb)2 .

ht

107 +4p,Q, + R -An{Q - Q] (@)

Where, Ru: resistance value of the power cable
connected to the motor i™ to the busbar; Py, Qu: computed
active and reactive power; App: the active PL of the
compensator; Qp: compensation of reactive power;

An{Q,—Q,}is the efficiency function of the 3-phase IM
belonging to reactive power.

The active power losses are divided into three parts as
follows:

The first one is due to residual power flowing into the
system and causing losses across the system resistors;
The second part is the loss in compensating devices;

The third unit is the loss in the asynchronous motors;
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Fig. 2 An equivalent diagram for the distributed electric power grid with compensators

To determine the optimal compensating reactive powers,
Qui, the first derivative of the total active PL, should be taken
to reach the value of zero. Next, apply the NEMA curve [38],
[39] to find the coefficients based on the change in motor
efficiency with the variation of voltage:

2
DC_i

A {Q —-Qu} = (K AUS.  +K, AUy ;+C).107 (2)
Where,

K1, Kz and C are three factors determined based on the
experiment curves [38],[39]. These coefficients are
ultimately determined for each different type of IMs.

AU in percent is computed drop motor i as:

d DC_i

U,..10° U -AU,
MUy ;= TC T dm_DC ' 100

®)

dm_DC
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o Us+c: bushar voltage (kV);
Uam_pc rated voltage of the motor (V)

AU, voltage drop the busbar and motor i""(i:1 + 3) (V):

AU, = PR +(Q -Q)X; 4)
UTC
Consider a case study in which a factory consisting of
three huge—power IMs is located in different locations. The
flowchart representing the proposed optimization algorithm
is illustrated in Figure 3. As shown in Figure 3, the procedure
of the DC-CC strategy is implemented through the following
five steps:

Step 1 : Initialization
In this step, several necessary parameters as an
initialization need to be provided.
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Step 2 : Approximation of the NEMA curve

Assuming that the NEMA curve is approximated by a
parabola in which three factors can be determined: Ki, K;
and C, as mentioned in (2). These values are found in the
Appendix of this paper.

Step 3 : Calculation of the voltage drops AU, and power

losses AP;
For an electric power grid loaded with three motors, the total
PL is:

APZ = ZAPi + APTn (5)
Where,
AR = ARy, i +AP g, +ARy,
P2+(0 -0.)? ~ (6)
=R '(SI—ZQb'),lo P+ Apy Qy +P.[ A7 {Q - Q]
C
P2 +(Qs —Qus Q) , oo
APTn = th o £ P e + APyrq -Qan (7

2
U htl

Step 4 : Solve the optimization constraints
To determine the optimal power losses, this study
proposes a new method to solve the following conditions:

OAR: _,
oAQ,
(®)
O°AP, | O°AR 0
0Q,0Q, | 9Qyi Qs

Where, two indexes i,k = 1,2, 3,Trt.

Step 5 : Determination of the optimal power losses and
compensated reactive power

After solving the constraint given in (8), the optimal
quantities of power losses and reactive power compensation
can be obtained. In this stage, the proposed approach is
successfully implemented.

3.  Numerical Simulation Results and

Experiments
3.1. Numerical Simulations

Executing the simulation process is a mandatory phase
to verify a new control scheme theoretically. In this section,
MATLAB software has implemented several numerical
simulations. Here, the five-step procedure indicated in Figure
3 is employed. Simulation parameters and three coefficients
of the NEMA curve approximation are provided in the
Appendix of this paper.
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(1) Initialization

Source Voltage Ui Uy

Load Parameters P, +jQ,

Cable Parameters ‘R +X (m:ht, C, 1+4)
Transformer’s Parameters :R. , + jXTl’2
Compensators’ Parameters : Qi; Ap

Voltage Variation Factor  : k = Unu/ Uk

y

(2) Approximate the NEMA curve to determine
three parameters: K;; K,; C

-

(3) Calculate voltage drops AU, and power losses
AP, =AP_ ..+ AP + AP
APy =X AP, + AP

TB b-i

Trt

v

(4) Solve Constraints (8):
AR _ . O°AP,
ﬁAQh aQﬁraQbk

s

(5) Determine the Compensated Values: Q,; Q..
Determine the total of PL: APs.

>0

Fig. 3 A procedure to perform the simulation process using the
MATLAB package

The following two simulation scenarios have been
considered to comprehensively evaluate the feasibility of the
proposed DC-CC-based reactive power compensation
scheme.

3.1.1. Scenario 1

The actual voltages supplied to the motors are supposed
to vary in an acceptable range of 90% to 110% from the rated
value. A factor k characterizes such a variation; however, it
is only assumed to change at instantly different values (five
levels: 0.9, 0.95, 1.0, 1.02, 1.05 and 1.1). Simulation results
are plotted in Table 1 to Table 3 and Figure 4 to Figure 9. It
should be noted that AP, is denoted for the total losses of
cables and transformers.

3.1.2. Scenario 2

The actual voltages have been randomly varied,
corresponding to a random factor k from 0.9 to 1.1 (see
Figure 10). Simulation results in this perspective are
illustrated in Figure 11 and Figure 12.
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It is noted that in the First Simulation Scenario (FSC),
there are three more minor cases:

Case 1 : No compensation.
Case 2 : Only Distributed Compensators (DC).
Case 3 : Integration of Distributed Compensators and a

Central Controller (DC-CC).

From the simulation results, it is meaningful to deduce
the following observations:

e When the voltage supplied to the motor increases, the
reactive powers required to compensate Qpi for the IMs
will decrease. At the same time, the active power losses
of the motors AP; and the total loss APy are also
reduced.

e The proposed DC-CC-based reactive power
compensation method has improved efficiency. The
active PL was significantly reduced compared to the

uncompensated and distributed compensation (see
Figure 5). Meanwhile, the more significant the motor
capacities are used, the greater the reduction in active
power losses can be obtained. In the simulation case
study, with motor 3 (maximum capacity 200kW), the
active PL can be reduced by up to 9.5% compared to the
only distributed compensation.

If the voltage is assumed to vary continuously within an
allowable amplitude in the Second Simulation Scenario
(SSS), the compensating trend of the system and the
efficiency of the proposed control solution have
remained unchanged. The reactive power to be
compensated and the active PL are also variable but
within specific allowable ranges, as illustrated in Figure
11 and Figure 12. The voltage regulation, and as a result,
the electric power quality, has also been significantly
improved when applying the proposed hybrid DC-CC
method.

Table 1. Computational results for the FSS: different voltage variation factors

Parameters U =0.9Udm U =0.95Udm U =1.0Uudm
Casel | Case?2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Qb1 (kVAr) 76.3 105.4 76.3 103.3 76.3 101.0
Qb2 (kVAr) 110.2 135.9 110.2 133.3 110.2 130.5
Qb3 (kVAr) 97.5 123.9 97.5 121.5 97.5 118.9
Power Losses

AP1 (kW) 27.1 21.2 19.3 19.9 154 13.8 14.8 11.5 10.0

AP2 (kW) 66.6 50.4 47.6 52.1 38.9 36.4 40.9 30.2 27.9

AP3 (kW) 46.1 35.3 32.9 35.3 26.6 24.5 27.1 20.3 18.5

AP4 (KW) 6.9 51 5.0 6.3 4.6 4.5 5.6 41 41

APy (kW) 146.7 112.0 104.8 113.6 85.5 79.2 88.4 66.1 60.5

Table 2. Computational results for the FSS: different voltage variation factors (continued)
Parameters U =1.02Udm U =1.05Udm U=11Udm
Case 1 Case 2 Case 3 Case 1 Case?2 | Case3 | Casel | Case?2 Case 3

Qb1 (kVAr) 76.3 100.0 76.3 98.4 76.3 95.5
Qb2 (kVAr) 110.2 129.3 110.2 127.4 110.2 124.0
Qb3 (kVAr) 97.5 117.8 97.5 116.0 97.5 112.8
Power losses

AP1 (kW) 13.3 10.3 9.0 11.6 9.2 7.9 10.1 8.6 7.4
AP2 (kW) 37.2 274 25.3 32.5 24.0 22.1 26.9 20.3 18.5
AP3 (kW) 24.5 18.4 16.6 21.4 16.2 145 18.0 14.2 12.7
AP4 (kW) 5.4 4.0 3.9 5.1 3.7 3.7 4.6 3.4 3.4
AP35 (kW) 80.4 60.1 54.8 70.6 53.1 48.2 59.6 46.5 42.0
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Table 3. PL deviations for three cases in the FSS

Voltage Changes 0.9Udm 0.95Udm | 1.0Udm 1.02Udgm | 1.05Udm | 1.1Udm
APy (KW) — no compensation (a) 146.7 113.6 88.4 80.4 70.6 59.6
APy (kW) — without a central controller (b) 112.0 85.5 66.1 60.1 53.1 46.5
APy (kW) — with a central controller (c) 104.8 79.2 60.5 54.8 48.2 42.0
Deviations (%): (a) and (b) 23.69% 24.72% 25.32% 25.27% | 24.73% |22.05%
Deviations (%): (b) and (c) 6.37% 7.35% 8.44% 8.85% 9.35% 9.58%
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3.2. Experiment Results

The PL optimization algorithm to improve the power
quality proposed in this study has been practically applied to
a ministerial-level project in Vietnam, which was
successfully defended. A block diagram of the practical
control system is shown in Figure 13. It consists of nine
modules with different working functions, in which the most
important and decisive part is a central controller.

The instrument’s control unit includes a measurement
circuit used to measure and calculate P, Q, S, frequency,
amplitude of harmonics, and the cosg factor. The central
controller handles the parameters and calculations. A Liquid
Crystal Display was used to display and monitor the device’s
parameters. Keyboard device for changing display and
setting parameters. The memory helps record the device’s

working process in standard modes and analyze the problem.
The lights indicate the working status and warnings of the
device. The thyristor controller generates pulses to control
the switch at the request of the central processor. Finally, DC
devices receive control commands from the central controller
to locally control capacitors in decentralized compensation.

Several practical main modules, especially the central
controller, are successfully designed, manufactured, and
testing-installed, as shown in Figure 14 to Figure 19.
Experiment results in two contexts, i.e., with the proposed
hybrid DC — CC compensation control and without it, have
been obtained as given in Table 4. The proposed
compensation control strategy achieved much better control
criteria, including power losses (active and reactive ones)
and power factor cose (see Table 4).

CT1 CT2 CT3 CT4 CT5 CT6
™M ™ LOAD
DC
Voltage Signals Current Signals Devices
Measurement Current Signals
Filter
Control of Firing
Angles for SCRs
N
CPU :V'\Control v
Outputs Control Signals
[T il
LCD Memon
State Lamps — Concwer;tr::lz:tor
Keyboard P

Fig. 13 A block diagram of the proposed hybrid DC-CC compensation strategy applied for experiments
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Fig. 14 ADE 7880 used for designing the measurement module
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Table 4. Comparison between the hybrid DC-CC method and the uncompensated aspect

Operation Modes Phase U (V) I (A) Py (KW) | Qx (kVAr) Coso
1. The 1%t Load (129,1kW; 51KVATr) - (120kW; 28K VATr)
A 390.8 193.3
No Compensation (a) B 391.5 205.9 129.1 51.5 0.9197
C 3935 215.7
A 392.3 178.7
With Compensation (b) B 393.8 184.4 120.6 28.6 0.9731
C 395.6 182.4
Reduction: (a) — (b) 4.8 37.0 8.5 22.9 0.053
2. The 2" Load (131kW; 55KVAr) - (127kW; -31KVAr)
A 391.1 219.2
No Compensation (a) B 394.0 191.8 131.0 55.4 0.9509
C 394.9 2194
A 396.1 202.6
With Compensation (b) B 399.5 168.0 127.6 -318 0.9596
C 400.7 201.1
Reduction: (a) — (b) 9.6 51.2 3.4 87.2 0.0087
3. The 3™ Load (154kW; 76kVAr) - (145kW; -3,2kVATr)
A 384.5 245.2
No Compensation (a) B 385.8 282.1 154.0 76.6 0.8687
C 388.9 245.7
A 3904 196.5
With Compensation (b) B 391.8 230.0 145.0 -3.2 0.9984
C 394.5 215.8
Reduction: (a) — (b) 10.0 85.6 9.0 79.8 0.1297
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4. Conclusion

A novel DC-CC-based reactive power strategy applied
for an electric power grid with significant loads has been
proposed in this paper. The main idea of the control
procedure depends on the NEMA curve approximation,
which is especially suitable for loads of the three-phase IMs
and solving the optimization problem of the power losses to
find the best capacity of the reactive power compensations.

With five reasonable steps, the algorithm proposed in this
study has been entirely able to be implemented in both
theoretical and practical domains. Numerical simulation and
experiment results shown in this work demonstrated the
effectiveness and applicability of the proposed approach.
Therefore, the DC-CC strategy significantly contributed to
the power network’s operation and distribution in Vietnam
and other countries.
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Table 5. System parameters under study
Parameters Value Unit
Unhu= m.Udm kv
Udm_bc 400 \Y
Rt 0.0022 Q
Xid 0.00892 Q
Psum 545 kw
Qsum 337.8 kVAr
AU kv
Utc kv
ApbTrt 15*10°3 kW/ kVAr
K1 (NEMA factor) -1/58 n/a
Kz (NEMA factor) 1.02/29 n/a
C (NEMA factor) -1/55.75 n/a

Table 6. Parameters of IM 1 and cable 1

IM 1 and Cable 1 Value Unit
Ri1 0.053 Q
X1 0.009 Q
P1 160 kw
Q1 99.16 kVAr
C0Sp 0.85
Apo 1*103 KW/KVAr
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Table 7. Parameters of motor 2 and cable 2

IM 2 and Cable 2 Value Unit
R2 0.088 Q
X2 0.015 Q
P2 200 kW
Q2 123.95 kVAr
CoSp 0.85
Apb 1*10°® KW/KVAr

Table 8. Parameters of motor 3 and cable 3

IM 3 and Cable 3 Value Unit
Rs 0.070 Q
X3 0.012 Q
Ps3 185 kw
Qs 114.65 kVAr
COSp 0.85
Apb 1*10°® KW/KVAr




