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Power Transfer Capability Improvement to HVDC
Transmission System using Artificial Neural Network and
Inference System (ANFIS) Controller

M. Ramesh *

Abstract-High ~ Voltage  Direct Current (HVDC)
Transmission systems traditionally employ Pl controllers
with fixed proportional (P) and integral (I) gains Ky and K;
respectively. Although such controllers are robust and simple,
they are not easily optimized to obtain the best performance
under all conditions. In the field of intelligent control systems,
fuzzy logic control and artificial neural network based
control are the two most popular control methodologies
being used. Neuro-fuzzy systems, as the name suggests
combine ANNs and fuzzy logic into one system. The aim of
such a combination is to inherit advantages of both the
intelligent control techniques and shunt out their individual
disadvantages. The CIGRE model as one of the conventional
methods has been studied and new complementary
characteristics have been added to improve its stability and
damping rate of voltage and current oscillations during the
disturbance in the AC Systems and to increase the efficiency
of the proposed model.

Keywords—-HVDC transmission, CIGRE Benchmark model,
faults in HVDC system, proportional integral (P1) Controller,
ANFIS controller.

I. INTRODUCTION

High VWoltage Direct Current (HVDC) Transmission is the
preferred method for bulk Transmission of power over
long distances [1]. HVYDC System is a mature Technology
[2], starting from mercury-arc to thyristors and presently
to IGBT and IGCT valves, from conventional PI
Controllers to more advanced Control Techniques. Further
work needs to be done particularly on the Control aspects
to further improve the Transmission performance and
efficiency of such Systems. The performance of these
systems depends on the control method being used.
Furthermore, the control of a HVDC System remains a
formidable challenge because of various factors such as
changes in system conditions, converter Transformer
saturation characteristics, presence of AC/DC filters, and
the generation of harmonics by converter units which
makes the HVDC System highly complex and non-linear
[3]. Since fuzzy logic uses intuitive rules for the control of
the system, a detailed system model is not required. This
makes Fuzzy Logic well-suited for use with complex and
nonlinear systems, such as HVDC Systems. Earlier
research on the use of Fuzzy Logic to tune the PI
Controller parameters employed constant triangular
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Membership functions [4]-[7]. The past work generally
concluded that fuzzy logic could improve the performance
of HVDC systems under various fault conditions or
operating point changes, by decreasing the number of
commutation failures, improving the commutation margin,
or dampening oscillations.

The use of properly-designed neuro-fuzzy logic controllers
has been widely shown to provide at least marginal
improvement in the operation of HYDC systems compared
to the wuse of conventional constant-parameter Pl
controllers [4]-[9]. This is explained by the fact that the
tuning of constant-parameter Pl controllers is a
compromise between the speed of response and stability
after small disturbances, and the robustness to tolerate
large signal disturbances due to faults.

1. HVDC TEST SYSTEM

The CIGRE benchmark HVDC system model [10], used
here as the test system, has been designed for conducting
performance comparisons between different HVDC
system control strategies. The system is shown in Fig. 1.
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Fig. 1: Single-line diagram of the CIGRE benchmark HVDC
system.

The short circuit ratios (SCRs) and Effective Short Circuit
Ratios (ESCRs) for the CIGRE model are:
SCR — Short Circuit MVA of AC System

DC Converter MW Rating
(i) Rectifier: SCR =2.5.,84°

(i) Inverter: SCR=2.5./75°
These short circuit ratios characterize a weak system, and
it is well-known that an HVDC System converter feeding
into a weak AC System is prone to commutation failures.
There is also a DC side resonance at near fundamental
frequency and an AC-side resonance near the second
harmonic frequency. Overall, the system has been
specifically designed to be particularly onerous for DC
control operation, and thus, it is a good choice for the test
system in HVDC system control studies [8]. The control
system must control a quantity such as the DC current or




transmitted power, ensure stable operation in the presence
of small system disturbances, and minimize the
consequences of large disturbances or faults. To obtain
these objectives while consuming minimum reactive
power, the firing angles must be minimized [11]. The
rectifier operates under constant current (CC) control to
control the DC current and the inverter usually operates
under constant extinction angle (CEA) control to regulate
the DC voltage. For nominal conditions, the CEA control
ensures the extinction angle stays at its nominal value of
150, resulting in small reactive power consumption while
providing ample commutation margin to prevent
commutation failures. In a two terminal HYDC System,
the current margin control method is normally utilized
whereby the rectifier is kept in current control (CC) and
the inverter is in constant extinction angle (CEA) control.
An error signal, le, which is the difference between the

reference current, g, and the measured current, Id, from
the system, is fed to the Pl-controller. The error output of
the controller is acted upon by the PI gains to provide the
required alpha order for the HVDC converter. Due to
uncertainties in system parameters, the optimal choice of
gains is quite difficult. Proportional Integral (PI)
controllers are commonly used in HVDC System in
addition to Al controllers. A mathematical model of the
real plant is required for the controller design with
conventional methods. The difficulty of identifying the
accurate parameters for a complex nonlinear and time-
varying nature of real plants may render, in many cases,
the fine tuning of parameters which is time consuming.
Fig. 2 shows the structure of PI controller.

Fig. 2: Structure of PI controller.

1. ARTIFICIAL NEURAL NETWORK AND INFERENCE
SYSTEM CONTROLLER (ANFIS)

Previously, control techniques assumed a fixed
mathematical model of the plant but since HVDC systems
are highly uncertain, obtaining an accurate mathematical
model of the plant is not possible. Consequently, a lot of
research is being conducted in the application of
intelligent control techniques such as fuzzy logic, neural
networks and genetic algorithms to the control of HVDC
systems. Fuzzy logic (FL) based controllers have been
successful in improving the performance of the HVDC
system [11] ,However a combination of fuzzy logic and
artificial neural networks (ANNs) were used. Artificial
Neural Network and Inference System

(ANFIS) is developed from sugeno-type fuzzy inference
system (FIS) for effective data processing. The
development is a simple data learning technique by using

M. Ramesh et. al: Power Transfer Capability Improvement to...

configuration of neuro-fuzzy model with hybrid learning
rule. FIS processes a given input mapping to get a target
output. This process involves membership function, fuzzy
logic operators and if-then rules. It has multiple inputs and
a single output with the capability in handling highly non-
linear functions and predicting future value of a chaotic
time series. Compared to the capabilities of the approaches
such as cascaded-correlation ANN, back propagation
ANN, sixth-order polynomial and other earlier methods,
the result obtained from the ANFIS gives a better
performance in non-dimensional error index [10]. Every
stage of ANFIS shown in Fig. 3 has a particular function
which is used to calculate input and output parameter sets
as described below [10].

Stage 1: In the process of input fuzzification, the following
equations are utilized:

X () =1L+ ((x—c;)/8;) 21" ()  i=12 (1)
i) =1[+(y-ci)/a)"2]"(by) i=12 (2

where Xi and Yi are fuzzified input values, whereas a;j, bj

and c;j are the parameter sets from the Gaussian input
membership function.

Stage 2: Application of fuzzy operators involves the use of
the product (AND) to the fuzzified input. (3) to (6)
represent the fuzzy relations obtained from the product of
fuzzy operators.

RL= X1(x) xY1(y) )
R2 = X1(X)xY 2(y) @)
R3= X 2(X) xY1(y) ©)
R4 =X 2()xY2(y) ©)

Stage 3: In the application method of rules, the activation
degree and normalization is implemented by using the
following equations:

G, =R, /RT i=1234 )

where
RT =R1+R2+R3+R4 (8)

Stage 4: Aggregation of all outputs are obtained by using
(9) which is the product of the normalized activation
degree and individual output membership function,

O; =G; (pi-x+gi-y+ri) i=1234 (9)
where pi, gi and ri are the parameters from the output
membership function.

Stage 5: The required results are obtained through
defuzzification process and it utilizes the following
equation:

oT =X.0i i=1234 (10)

With the advent of artificial intelligent techniques, these
drawbacks can be mitigated. One such technique is the use
of fuzzy logic in the design of controller either
independently or in hybrid with Pl controller. ANFIS
replaces the draw-backs of fuzzy logic control and
artificial neural network. ANFIS combines the learning
power of neural network with knowledge representation of
fuzzy logic. ANFIS techniques have emerged from the
fusion of Artificial Neural Networks (ANN) and Fuzzy
Inference Systems (FIS) and have become popular for
solving the real world problems [9]. Fig. 4 shows the
overall structure of Artificial Neural Network and
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Inference System model. Fig. 5 shows HVDC System with
ANFIS Controller.
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Fig. 4: Artificial Neural Network and Inference System
model.

=

Fig. 5: HVDC system with ANFIS controller.

1V. COMPARISON ON PERFORMANCE ASSESSMENT OF
ANFIS CONTROLLER BASED HVDC TRANSMISSION
SYSTEM

The rectifier and the inverter are 12-pulse converters using
two universal bridge blocks connected in series. The
converters are interconnected through a 850 km line and
0.597H smoothing reactors as shown in Fig. 6 the
converter transformers (Wye grounded/Wye/Delta) are
modeled with three-phase transformer (Three-Winding)
blocks.

The HVDC Transmission link uses 12-pulse thyristor
converters. Two sets of 6-pulse converters are needed for
the implementation stage. The firing-angle control system
is configured based on two 6-pulse converters in series,
one of which is operated as a modified HVDC bridge.
Here, MATLAB/SIMULINK program is used as the
simulation tool. Two 6-pulse Graetz bridges are connected
in series to form a 12-pulse converter. The two 6-pulse
bridges are 345kV, 50 Hz totally identical except there is
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an in phase shift of 58.4<for the AC supply Voltages.
Some of the harmonic effects are cancelled out with the
presence of 60 phase shift. The harmonic reduction can
be done with the help of filters. The firing angles are
always maintained at almost constant or as low as possible
so that the voltage control can be carried out. The control
of power can be achieved by two ways i.e., by controlling
the current or by controlling the Voltage. It is crucial to
maintain the voltage in the DC link constant and only
adjust the current to minimize the power loss. The rectifier
station is responsible for current control and inverter is
used to regulate the DC \oltage. Firing angle at rectifier
station and extinction angle at inverter station are varied to
examine the system performance and the characteristics of
the HVDC System.
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Fig. 6: Simulink diagram of the HVDC Circuit.
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Fig. 8: Voltage and current on the DC side at inverter

(without fault).

Fig. 7 and Fig. 8 show the system with no fault in voltage
and current waveforms at rectifier and inverter sides using
PI and the Artificial Neural Network and Inference System
(ANFIS). From the simulation results it is observed that
voltage and current reaches the reference value of 1.0Pu at



0.25 second, i.e. about 0.1 seconds later after starting
HVDC System. It is clear that for no fault, both the
controllers perform well but ANFIS gives a better
transient performance and quite a low overshoot as
compared to the conventional Pl controller. The complete
HVDC system reaches stable state after 0.25sec.

Power Response

—PI Control
——ANFIS Control

P L I
o 05 1

time [sec]

Fig. 9: Active power at rectifier.

Fig.9 shows the change process of the active power of
HVDC system without fault with Pl controller and the
Acrtificial Neural Network and Inference System (ANFIS).
It is clear that for no fault, both the controllers perform
well but ANFIS gives a better transient performance and
quite a low overshoot as compared to the conventional Pl
controller.
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Fig. 10: When DC fault occurs on rectifier
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Fig. 11: When DC fault occurs on inverter

In Fig. 10 and Fig. 11, it is observed that DC fault occurs
at time 0.6 sec. the fault is created for duration of 0.05 sec.
at Rectifier and inverter side of HVDC System. The
Artificial Neural Network and Inference System (ANFIS)
activates and clears the fault. Fig. 10 and Fig. 11 show the
waveforms after 0.6sec. DC fault at the rectifier and
inverter. A large number of oscillations have been
observed in DC link current and voltage magnitudes in
case of a conventional controller. ANFIS reduces the
recovery time by 1.2 sec after the disturbance. Once the
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fault is cleared, at t=1.2 sec the system comes back to its
normal operation.

Power Response for DC Fault at (0.6 to 0.65 sec)
T T T

gw

&

o
——PI Control
-fANFIS Control

time [sec]

Fig. 12: Active power when DC fault occurs

Fig. 12 shows the change process of the active power of
HVDC System after a disturbance of a DC fault with PI
controller and Artificial Neural Network and Inference
System (ANFIS). It is clear that for DC fault, both the
controllers perform well but ANFIS gives a better
transient performance and quite a low overshoot as
compared to the conventional PI controller.
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Fig. 13: When a line-to-ground fault occurs on rectifier

side
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Flg 14: When a line-to-ground fault occurs on inverter
side
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In Fig. 13 and Fig. 14, it is observed that a line-to-ground
fault occurs at time 0.6 sec. the fault is created for
duration of 0.1 sec. on phase A of the rectifier and inverter
sides of HVDC System. Artificial Neural Network and
Inference System (ANFIS) activates and clears the fault.
ANFIS) performs better than the fixed-gain PI controller.
The rectifier side DC current suffers from prolonged
oscillations and consequently more commutation failures
occur in the case of fixed-gain Pl controller. The fixed-
gain PI controller takes longer time to recover after fault is
cleared due to the narrow range of optimum controller
gain parameters. ANFIS reduces the recovery time by 1.2
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sec after the disturbance. Once the fault is cleared, at t=1.2
sec the system comes back to its normal operation.

Voltage Response for 2 ph Fault at (0.6 to 0.7 sec) at Rectifier Side
T

= =

Current [pu]

—FPI Control
ANFIS Control

05

15

25

phase fault and three-phase fault are occurred with Pl
controller and the Artificial Neural Network and Inference
System (ANFIS). It is clear that for a line-to-ground fault,
two-phase fault and three-phase fault, both the controllers
perform well but ANFIS gives a better transient
performance and quite a low overshoot as compared to the
conventional PI controller.
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i
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Fig. 15: When a two-phase fault occurs on rectifier side.
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Fig. 16: When a two-phase fault occurs on inverter side.

In Fig. 15 and Fig. 16, it is observed that a two-phase fault
occurs at time 0.6 sec. the fault is created for a duration of
0.1 sec. on phase A and phase B of the rectifier and
inverter sides of HYDC System. Artificial Neural Network
and Inference System (ANFIS) activates and clears the
fault. The ANFIS performs better than the fixed-gain Pl
controller. The rectifier side DC current suffers from
prolonged  oscillations and  consequently  more
commutation failures occur in the case of fixed-gain Pl
controller. The fixed-gain PI controller takes longer time
to recover after fault is cleared due to the narrow range of
optimum controller gain parameters. ANFIS reduces the
recovery time by 1.2 sec after the disturbance. Once the
fault is cleared, at t=1.2 sec the system comes back to its
normal operation.

In Fig. 17 and Fig. 18, it is observed that a three-phase
fault occurs at time 0.6 sec. the fault is created for a
duration of 0.1 sec. on phase A and phase B of the rectifier
and Inverter sides of HVDC System. Artificial Neural
Network and Inference System (ANFIS) activates and
clears the fault. The ANFIS performs better than the fixed-
gain PI controller. The rectifier side DC current suffers
from prolonged oscillations and consequently more
commutation failures occur in the case of fixed-gain Pl
controller. The fixed-gain PI controller takes longer time
to recover after fault is cleared due to the narrow range of
optimum controller gain parameters. ANFIS reduces the
recovery time by 1.2 sec after the disturbance. Once the
fault is cleared, at t=1.2 sec the system comes back to its
normal operation.

Figs.19, 20 and 21 show the change process of the active
power of HVDC system after a line-to-ground fault, two-
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Fig. 17: When a three-phase fault occurs on rectifier side.
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Fig. 18: When a three-phase fault occurs on Inverter side.
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Power Response for 3 ph Fault at (0.6 to 0.7 sec)
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Fig. 21: Active power when a three-phase fault occurs.
V. CONCLUSION

In this paper, fuzzy logic and neural networks are
combined together to propose ANFIS Controller for a
HVDC System. The controller uses feed forward neural
network architecture. Simulation results clearly show the
successful implementation of the adaptive neuro-fuzzy
controller (ANFIS) in MATLAB/SIMULINK program
simulation package. Following observations can be made
from the results; adaptive neuro-fuzzy controller (ANFIS)
efficiently updates the rule base with changing system
conditions and wuses feed forward neural network
architecture which has a better performance than
conventional PI controller. This work shows the potential
ANFIS controller scheme for a HVYDC System. And d it is
found that ANFIS provide a more intelligent solution to
the control of HVDC systems as compared to the
conventional P1 controller.

APPENDIX A

Following are the parameters of the HVDC System chosen
for the simulation studies:

CIGRE HVDC Benchmark System Data

Parameters Rectifier Inverter
AC voltage base 345kV 230kV
Base MVA 100MVA 100MVA
Transf. tap 1.01pu 0.989pu
(HV side)

Voltage source 1.088,22.18° | 0.935/—23.14°
Nominal DC voltage 500kV 500kV
Nominal DC current 2kA 2kA
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DSP Algorithm based Enhanced Phase Locked Loop
Scheme for DSTATCOM

J. Bangarraju !

Abstract-This paper deals with Enhanced Phase Locked
Loop Control scheme for Distributed Static Compensator
(DSTATCOM) in the distribution system. The proposed
control scheme based DSTATCOM eliminates current
harmonics, maintains unity power factor at source, zero
voltage regulation and load balancing. The Enhanced Phase
Locked Loop (EPLL) Control scheme is based on Digital
Signal Processing (DSP) which is used to extract fundamental
component of active and reactive currents for generation of
reference source currents. The DSTATCOM consists of six-
leg based voltage source converter (VSC) which uses uni-
polar switching which doubles the switching frequency and
reduces size of the filtering circuit. The zig-zag/three single-
phase transformers reduce DC bus voltage and acts as a
neutral current compensator. The proposed control scheme
for six-leg DSTATCOM is modeled and validated in
MATLAB R2012b by using simpower systems toolbox.

Keywords-Distributed static compensator (DSTATCOM),
unity power factor, zero voltage regulation, enhanced phase
locked loop (EPLL), distribution system, resonant converter,
simulation, ac analysis.

|. INTRODUCTION

Three phase four wire systems have been used to supply
single-phase linear/non-linear loads, such as office
automation machines, fans, computer loads, lighting
ballasts etc in the distribution systems. These loads in the
distribution system experience severe power quality (PQ)
problems, such as high reactive power requirement, poor
voltage regulation, current harmonics, excessive neutral
current, voltage flicker, sag, swell and load unbalancing
[1-3]. To limit PQ problems, IEEE and IEC have proposed
many standards such as IEEE Std.141-1993, IEEE Std.
519-1992, IEC 1000-3-2 etc. [4-6]. Custom Power
Devices (CPDs) are used as solutions for problems
discussed in the literature. DSTATCOM is proposed for
mitigation of PQ problems in the current, Dynamic
\Woltage Restorer (DVR) is used for compensating the PQ
problems in the voltage whereas the Unified Power-
Quality  Conditioner (UPQC) is proposed for
compensating both current and voltage problems. The
DSTATCOM is a shunt connected CPD used for power
factor correction, zero voltage regulation, current
harmonic suppression and load balancing. The review of
control algorithms and its development are discussed in
many papers [7-9]. The performance of DSTATCOM
mainly depends upon quick extraction of reference
currents using control algorithms [10]. Different Phase
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Locked Loop (PLL) techniques are described for accurate
and reliable control [11]. The various classifications of
phased locked loops are Parke PLL, adaptive SRF-PLL,
multi-complex coefficient-filter based PLL, EPLL, and
Power based PLL for various applications [12-16].

In this paper, DSP Algorithm based Enhanced Phase
Locked Loop Control Scheme for DSTATCOM is
proposed to eliminate the current harmonics, corrects the
Power factor, regulates the terminal voltage and balances
the source current even when the load currents are
unbalanced. The features of DSP based EPLL scheme is

i. Control scheme is simple and hardware
implementation in DSP is easy.

ii. EPLL scheme adopts deviations in amplitude of the
voltage, phase angle and frequency of input and
gives fast accurate response.

iii. It will extract accurate fundamental components
from distribution system or supply [17-20].

Three phase four-wire neutral current consists of triplen
harmonic currents and zero-sequence neutral currents
passing through neutral conductor and hence overloads it.
An isolated zig-zag/three single phase transformer is used
to mitigate excessive neutral currents [21-23].

I1. DSTATCOM SYSTEM CONFIGURATION

The schematic diagram of six-leg VSC based
DSTATCOM with EPLL control algorithm is shown in
Fig.1. The proposed DSTATCOM is connected at Point of
Common Coupling (PCC) of three phase supply having
source impedance and three phase linear/non-linear load.
The DSTATCOM consists of twelve IGBTs based voltage
source converter (VSC) through three interfacing
inductors on the ac side and one capacitor on dc side. A
six-leg IGBT VSC based requires uni-polar switching and
doubles switching frequency so that higher order
harmonics can be eliminated by using filter circuit. The
DSTATCOM injects compensating currents (ica, icp, icc) iN
such a way that elimination harmonics, unity power factor
at the source, zero voltage regulation and load balancing.
A Ripple filter consists of resistance (Ry) and capacitance
(Cr) connected across PCC to compensate high frequency
voltage harmonics.

The transformer primary winding is connected in zigzag
connection and secondary winding is connected to three
single phase transformer so as to reduce DC bus voltage.
The isolated zigzag/three single phase transformer is used
to compensate neutral current. The zigzag transformer is
designed in such a way that magneto motive force (mmf)
is balanced in all three phases of the transformer. The
design and selection of DSTATCOM and zigzag/three
single phase transformers is explained in the following
section.
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Fig.1 Schematic diagram and control algorithm of six-leg VSC based DSTATCOM

A. Design and selection of zigzag transformer

Va1, Vaz, Vo, Vb2, Ve, Vep are the voltages across each
phase winding and V,, Vy, V. are resultant voltages of each
phase winding which are shown in Fig. 2.

Assume that input voltage to zig-zag transformer (V)
=415V then per phase voltage of each winding are
Van=Vpn=Ven=239.6V, V,1=V11=V1=138.33V and Vo= Vi,o=
V,=138.33V.

B. Design and selection of DSTATCOM

Table.l shows design and selection values of six-leg
DSTATCOM. It consists of DC bus capacitor, DC bus
capacitor voltage, ripple filter (R; and C;) and Interface
inductor(L,.).where V_ is voltage of three phase
transformer which is taken as 239.6 V, modulation index
(m) is 1, minimum voltage level (Vming) is 391.26 V, DC
bus reference voltage (Vq.) is selected as 400V by using
zig-zag/three single phase transformer, overloading factor
(k) is taken as 1.1, phase current (I,,) is taken as 25 A,
phase voltage (V) is taken as 239.60 V, time (t) is taken
as 250 us, peak-peak value of current ripple (icp.p) is taken
as 5%, PWM switching frequency (fs) is taken as 20 kHz ,
interface ac inductance (Ly) is taken as 2.0 mH, ripple filter
series resistance (Ry) is taken as 5 Q and ripple filter series
capacitance (Cj) is taken as 6 .

I11. PROPOSED CONTROL SCHEME
The dynamic performance of a DSTATCOM is based upon

quick and accurate extraction of fundamental component
of load currents. Fig.1. shows schematic diagram and

Enhanced Phase Locked Loop control Scheme for
DSTATCOM to estimate reference source currents. The
three-phase supply voltage/phase are Vs, Vs, Vs, three
phase supply currents are s, is, s, three phase
compensating currents are i, ic, e, three phase reference
source currents are is, , isy , Isc ,three phase load currents
are i, ipp, i and reference DC bus voltage is Vgc.

The three phase supply voltages/phase (Vsa,Vsh,Vse) Can be
represented as follows:

Vg =V, COS(at) 1)
Vg = Vyp COS(at —120°) @)
V. =V, Cos(at —240°) 3)

where v, is the maximum value of phase supply voltage.
The resultant magnitude of three phase supply voltages
can be determined as
) ) 5\ Y2 A
Vv, = [2/3(vSa + Vg, + VL )] )
The three supply voltages v, Vs, and vy corresponding to
in-phase components of unit templates are
uda = Vsa /Vt ’ udb :Vsb /Vt ’ udc :Vsc /Vt ()

The three supply voltages Vg, Vs and vs. corresponding to
quadrature-phase components of unit templates are

W, =—Uy, / \/5 +Uy / \/§ (6)
Wy, =3Uy / 2+ (Ugy Uy ) / 243 )
W, = —\/§uda 12+ Uy, —uy)/ 23 ®)
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Table 1: Design and selection of DSTATCOM parameters
Design Parameter Formulae Calculated value Selected value
be b{‘/‘:‘)ft:;gjdtor Ve =202V, /+/3m V= 3912652V V=400V
DC Bus Capacitor %cdc[(vdi) (V2] =V, (KT )t Co = 2600uF Cae = 3000uF
Interface AC Inductor L — (x/ngdc)/(12kfsicp,p) L,=1.9mH L,=2.0 mH
Ripple filter Z, =J(Rf +X¢ » x, ﬁ Z,=637Q 7,637 Q

The load harmonic currents can be represented by

iLa = Z ikLa COS(ka)t - ¢ak) (9)
k=1
] = 27
i, =D i cos(kat — g, ——) (10)
py 3
i, = Z i, cos(kat — g, + 2?7[) (12)
k=1

where i a, ik, ik are the amplitudes of k™ harmonic load
currents. The @y, @y, D are the phase angles between
supply voltage and k™ harmonic load currents.

a Vb2

Fig. 2: Zig-zag transformer and phasor diagra

The fundamental load component of each phase current
can be estimated by using proposed DSP Algorithm based
EPLL control scheme. In this proposed control scheme
each phase ‘a’ extracts input signal from the load current
(iLa)-The error signal (iey) is obtained by the difference
between load current (i_,) and fundamental load current
(iLar)- In this DSP Algorithm based EPLL control scheme
internal parameters a;, a, and as are selected as (15), (9)
and (1) respectively used to control transient and steady
state [17-18]. Similarly other two phase fundamental load
currents (ips and i ) are also extracted in the same manner.
The phase ‘a’ fundamental component of load current (i )
is in phase with input current signal (i ;) and it has phase
shift with reference to in-phase unit templates (wga).

To extract amplitude of reactive power component of
fundamental load current, Zero Crossing Detector (ZCD,)
is used on in-phase quadrature templates (ug,) are used.
The extracted fundamental load current (I ) is taken as
input to Sample and Hold Circuit (SHC;) and Zero
Crossing Detector (ZCD,) is used for trigger pulses block.
The output of SHC, is considered as amplitude of
fundamental reactive component load current (I 4).
Similarly other two phase reactive power components of
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fundamental load current (I.,q and I.¢y) are also estimated.
The average active and reactive power component of
fundamental load current is calculated as

ILp :(ILap+|pr+|ch)/3

ILq=(|Laq+|qu+|ch)/3 (13)
These DC component currents are passed through Low
Pass Filter (LPF) to extract the active and reactive currents
Ip and I

(12)

i. Unity power factor (UPF) operation of DSTATCOM

The difference between reference DC bus capacitor
voltage and actual DC bus voltage of DSTATCOM is
taken as error in the DC bus. This error is given to
Proportional Integral (P1) controller and output of PI is
considered as current loss component (lis;) and is added to
active component of current (ip).

Ilsp(m) = Ilsp(m—l) + de (Vdc(m) _Vdc(m—l))

+ Kdinc(m) (14)

where the error in DC bus at m™ sample instant is given by
Viaemy=Veac -Vaeem). The Ky, and Kg are proportional and
integral constants of PI controller.

The reference active component of source current is
calculated as

=1y, +1

. (15)

Isp

ii. Zero voltage Regulation operation of DSTATCOM

The source current delivers same active component current
I, along with reactive power component I, The difference
between actual amplitude of terminal voltage at PCC (Vy)
and reference terminal voltage is taken as error at the AC
bus.

IIsp(m) = IIsp(m—l) + qu (\/t(m) _\/t(m—l)) + inVt(m) (16)
where the error in AC bus at m" sample instant is given by
Vt m=Vi -Vim. The Kg and Kg are proportional and
integral constants of PI controller. This error is given to
Proportional Integral (PI) controller and output of Pl is
considered as current loss component (lis;) and added to
active component current (Ig).

I, =1l 17)
iii. Reference source currents estimation and generation of

gating pulses

The three phase reference active and reference source
currents can be generated by using in-phase unit templates,



quadrature unit templates, active power component and
reactive power components.

Isda = Ipuda’ Isdb = Ipudb1|sdc = Ipudc (18)

Isqa = Iquqa’ Isqb = Iquqb"sqc = Iquqc (19)
The three phase reference source currents (is ,isp »isc ) can

be generated by

=

Isa = Isda + Isqa (20)
Isb = Isdb + Isqb (21)
Isc = Isdc + Isqc (22)

iv. Current Controlled PWM Generator for six-leg VSC
The error currents are obtained by the difference between

reference source currents (i, , iy, , is, ) and  source
currents (isa , Iy, Isc). The equations are given by
iaer = is*a - isa (23)
iber = I:b - isb (24)
icer = I:c - isc (25)

To generate uni-polar gating pulses for six-leg VSC, the
error-current  signals  (izer,iper, lcer) are compared with
triangular wave (iyi). The uni-polar switching doubles the
PWM switching frequency so that it reduces the filter
circuit requirement and improves performance of
DSTATCOM.

ier=>1ri (phase ‘a’ in the left-leg VSC upper switch is on)
iaer<itri (phase ‘a’ in the left-leg VSC lower switch is on)
-iqer>iyi (phase ‘a’ in the right-leg VSC upper switch is on)
-laer<iyri (phase ‘a’ in the right-leg VSC lower switch is on)
Similar logic is used for other two phases of H-bridge
VSC.

v. Computation of PI Controller Gains

The DC and AC PI controller gains constants obtained
using the Ziegler—Nichols step response technique. A step
input of amplitude (U) is applied and the output response
of the dc bus voltage is obtained for the open-loop system.
The maximum gradient (G) and the point at which the line
of maximum gradient crosses the time axis (T) are
computed. The gains of the controller are computed using
the following equations:

K, =[L.2U/GT| (26)

K, =‘0.6U /GTZ‘ 27)

The gain values for both the DC and AC PI controllers are
computed and are given in the Appendix.

IV. SIMULATION RESULTS AND DISCUSSION

DSP Algorithm based EPLL control scheme based
DSTATCOM along with zig-zag/three single phase
transformer is modeled using MATLAB and simulation
results are demonstrated for unity power factor, zero
voltage regulation, elimination of harmonics, neutral
current compensation and load balancing for three
linear/non-linear loads.

J. Bangarraju et. al: DSP Algorithm based Enhanced Phase...

A. Performance of EPLL control scheme based
DSTATCOM with linear loads for neutral current
compensation and UPF operation

The dynamic performance of EPLL control scheme based
DSTATCOM with linear loads balanced/unbalanced
condition under UPF operation is depicted in Fig. 3. At
t=0.75 sec, three phase load is changed to two phase load
and at t= 0.85 sec again two phase load is changed to three
phase load. The three phase supply voltages (Ve ,Vep \Vsc),
source currents  (isqish,isc), load currents  (ipa,iip,iLc),
compensating currents (ica,ich,icc), Source neutral current
(isn), load neutral current (i_,), DC bus voltage (vqc) and
terminal voltage(v;) are depicted in Fig.3. At different
variations in three phase load, it is observed that supply
voltages, source currents are balanced and harmonic free,
supply neutral current is almost zero, DC bus voltage is
maintained close to reference DC bus voltage of 400V and
unity power factor at the source voltage and source current

B. Performance of EPLL control scheme based
DSTATCOM with non-linear loads for neutral current
compensation and UPF operation

The dynamic performance of EPLL control scheme based
DSTATCOM with Non-linear loads balanced/unbalanced
condition under UPF operation is depicted in Fig. 4. At
t=0.75 sec, three phase load is changed to two phase load
and at t= 0.85 sec again two phase load is changed to three
phase load. The three phase supply voltages (Vsa, Vs, Vsc),
source currents (isy, ish, Isc), load currents (ia, i, iic)s
compensating current (ica,ich,icc),S0urce neutral current (i),
load neutral current(i_,),DC bus voltage(vy,) and terminal
voltage(vy) are depicted in Fig .4. At different variations in
three phase load it was observed that supply voltages,
source currents are balanced and harmonic free, supply
neutral current is almost zero, DC bus voltage is
maintained close to reference DC bus voltage of 400V and
unity power factor at the source voltage and source current.
The source voltage and source current THDs are 2.59%
and 2.78% whereas load THD is 91.55%.

C. Performance of EPLL control scheme based
DSTATCOM with linear loads for neutral current
compensation and zero voltage regulation operation

The dynamic performance of EPLL control scheme based
DSTATCOM with linear loads balanced/unbalanced
condition under zero voltage regulation operation is
depicted in Fig. 5. At t=0.75 sec, three phase load is
changed to two phase load and at t= 0.85 sec again two
phase load is changed to three phase load. The three phase
supply voltages (Vsa,Vsp,Vse), Source currents(isa, isy,isc), load
currents (i a,iLp,iLe), compensating current (ica,ich,icc) Source
neutral current (is,), load neutral current (i), DC bus
voltage (vg) and terminal voltage (v;) are depicted in
Fig .5. At different variations in three phase load it is
observed that supply voltages, source currents are
balanced and harmonic free, supply neutral current is
almost zero, unity power factor at the source, DC bus
voltage and voltage at PCC are maintained close to
reference values of 400V and 339 V respectively.

D. Performance of EPLL control scheme based
DSTATCOM with Non-linear loads for neutral current
compensation and zero voltage regulation operation

The dynamic performance of EPLL control scheme based
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DSTATCOM with non-linear loads balanced/unbalanced =
condition under zero voltage regulation operation is
depicted in Fig. 6. At t=0.75 sec, three phase load is =
changed to two phase load and at t= 0.85sec again two
phase load load is changed to three phase load. The three
phase supply voltages (Vsa, Vb, Vse), Source currents (isa,
isb)-
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Fig. 3: Performance of DSP algorithm based EPLL control
scheme for DSTATCOM with linear loads under UPF
operation.
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isc),load currents (i, i, iLc), cOmpensating current(ica, e,
icc), source neutral current (is,), load neutral current (i),
DC bus voltage (vq4.) and terminal voltage (v;) are depicted
in Fig .6. At different variations in three phase load it was
observed that supply voltages, source currents are
balanced and harmonic free, supply neutral current is
almost zero, unity power factor at the source, DC bus
voltage and voltage at PCC are maintained close to
reference values of 400V and 339V respectively. The
source voltage and source current THD are 2.28% and
2.64% whereas load THD is 91.85% are shown in Fig.7.

V1. CONCLUSION

The dynamic performance of DSP Algorithm based EPLL
control scheme for six-leg VSC based DSTATCOM with
linear/non-linear loads gives satisfactory results. The
performance of DSTATCOM demonstrated for neutral
current compensation under unity power factor and zero

voltage regulation modes along with harmonic elimination.

The zigzag/three single phase transformers has maintained
source neutral current which is almost equal to zero and
act as a neutral current compensator. The six-leg VSC uses
uni-polar switching which doubles frequency so that filter
requirement is reduced. The DC bus voltage is regulated to
reference value of 400V in all variations of loads during
unity power factor and zero voltage regulation operation.
The terminal voltage is regulated to reference value of
339V in all variations of load during zero voltage
regulation. The three phase non-linear load draws a load
current of total harmonic distortion (THD) of 91.85%
whereas source voltage and current are having a THD of
2.28% and 2.64% respectively. These THDs of source
voltage and source currents are within the limits of IEEE-
519 & IEC 1000-3-2 standards.

APPENDIX

Three phase supply line voltage: 415V, 50Hz
Supply Impedance: R&=0.04Q, L=4mH
Loads:
i. Linear load: R =12 Q and L=25mH
ii.Non-linear loads: Three single phase diode bridge
rectifier with R=12 Q and C=500F
Ripple filter at PCC: Rf=5 Q and C;=5pF
DSTATCOM:

DC bus capacitor Cy, =3000 pF

DC bus Voltage: 400V

DC bus voltage PI controller: Ky,=0.5, K;=0.8

AC bus voltage PI controller: Ky,=1.02, K=0.65

PWM switching frequency: 20 kHz.
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Boundary Control of a Buck Converter with Second-
Order Switching Surface and Conventional PID Control-
A Comparative Study

P. Kumar?

Abstract-This paper presents a comparative study of
boundary control of a buck converter with second-order
switching surface and conventional PID control. Fixed
frequency boundary control technique is based on the
concept of integrating variable hysteresis and second-order
switching surface incorporated into boundary control
technique.PID control is a very popular conventional
technique which gives linear control for the buck converter.
Both the control methods have been implemented for a 140W,
24V/12V buck converter. The basic operating principles and
stability analysis, design parameters will be given for both
the controllers. The steady state characteristics, output
voltage ripple and efficiency of the converter will be
discussed under very large disturbances like change in input
voltages and output loads. Simulink model of each individual
parts like second-order boundary control, Frequency to
voltage converter, hysteresis band has been given. The
system responses under large signal supply voltage and load
disturbances have been verified by MATLAB/SIMULINK.

Keywords-PID control, second-order boundary control,
buck converter, Matlab/simulink.

l. INTRODUCTION

Controlling a switched power converter resembles a wide
area of research in control technology. Most of the
electronic devices operate at some input supply usually
constant in nature. With the increase in circuit complexity
and improved technology a more severe requirement for
accurate and fast regulation is desired. This has led to need
for a newer and more reliable design of controllers which
can have faster response with better performance. In
general a dc-dc converter inputs are unregulated dc
voltage input and outputs a constant or regulated voltage.

A boundary control technique builds on a state-space
representation of a converter’s operation. In state space,
the vector of inductor currents and capacitor voltages
evolves over time and subsequent points form a system
trajectory. When switch action is made dependant on the
state, the control law can be represented as a switching
surface [1]. Boundary control is a large-signal tool for the
design and analysis of switching power converters. A
boundary control splits the state space of a given converter
with a switching surface, such that on one side of the
boundary, the converter operation is governed by on-state
trajectories and on the other side off-state trajectories are
followed [2], [3]. Boundary control techniques with linear
switching surfaces, such as hysteresis control and sliding-
mode control [1], [2], [4], or nonlinear switching surfaces
to pulse width-modulated control strategies in dc/dc
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switching regulators. It addresses the complete operation
of a converter and does not differentiate startup, transient,
and steady-state periods[1], [10].

Several commonly used methods for reducing of switching
frequency of static power converters are coupled to a
sliding mode controller. Sliding mode control methods
have been used earlier to operate power converter at its
finite switching frequency, but it also results some error as
control system operates at finite switching frequency[11],
[12]. Similarly, pulse modulation based sliding mode
control can also be used to operate converter at its fixed
frequency[13]. Two novel approaches adopting the sliding
mode concept can be used to make the system tracking
reference inputs. Phase currents and the neutral point
voltage are controlled simultaneously[14].

As we know, the error increases as the converter’s
switching frequency decreases as the same integral sliding
mode control becomes ineffective in reducing the steady
state error which has been earlier used to suppress the
steady state error through incorporating additional integral
term of state variable into the controller [15]. The ripple
control is the simplest among all switching regulators.
Main advantages of the ripple regulator, like other variable
frequency regulators, are fast transient response,
unconditional stability, and wide range of output/input
voltages. But the switching frequency depends on the
operating conditions and power filter [16].

//o — Y
J 5 Inductor |

“ o}

Fig. 1: Buck converter topology

I1. BucK CONVERTER MODELING

In Fig.1 a dc-dc buck converter is shown. The buck
converter circuit converts a higher dc input voltage to
lower dc output voltage. It consists of a controlled switch
S, an uncontrolled switch D (diode), an inductor L, a
capacitor C, and a load resistance R. In the description of
converter operation, it is assumed that all the components
are ideal and also the converter operates in CCM. In CCM
operation, the inductor current flows continuously over
one switching period. When the switch S is ON and diode
D is reverse biased, the dynamics of inductor current I,
and the capacitor voltage V¢ are
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dl, 1 dav, dv 1
—X==(V,-V,)and —2=—"L ==

dt L( in—Vo) d¢ d cCc ¢ @
when the switch S is off and D is forward biased, the
dynamics of the circuit are

a1 g Vo _dve 1

i L™ T oo @
Table 1: Buck converter design parameters
Parameters Values
L 100 pH
R 1.2/2.4 ohm
C 400 F
Vin 20-30V

Power Conversion v
Vin Stage y out

\,IG Out

COMPARATOR|

Gate
Signal

Controller

Fig. 2: System block diagram for PID controller

Power Conversion N
Vin Stage out
Ve Vou
le

Hysres
ysteresis
Gate FLIP-FLOP band

Signal LoGIC control

Controller

Fig. 3: System block diagram for SBC controller

I11. CONTROL TECHNIQUES

Fig. 2 and Fig. 3 shows the part-wise system block
diagram for the implementation of PID and SBC
controllers during buck converter application respectively.

A. Second-order boundary control implementation

It consists of four major parts, including the main power
conversion stage (PCS), the second-order boundary
controller (SBC) [5]-[7], the frequency-to-voltage
converter (FVC), and the error amplifier (EA).

FVC firstly converts the gate signal V¢ for PCS into a dc
voltage Vgye, wWhich will then be compared with a
reference voltage Vs by EA. The output of EA, 4, is used
to control the hysteresis band. SBC inside will generate
upper and lower bands together with 4 to determine the
switching times of the main switch S in PCS. Thus, the
function of SBC is used to regulate the output voltage and
the earlier mentioned four parts form a feedback loop for
regulating the switching frequency [9].
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B. Frequency to voltage converter

In Fig. 4 simulink model of FVC is shown. FVC presence
helps in operating the system at its fixed frequency. It
generates the necessary voltage which is proportional to
the frequency. It governs the system to operate close to its
fixed frequency by detecting the change in 6V; which will
be in proportion to Jfs.

Derivative
signal rms

FVC input
1
¢ RMS M
Integrat: 4|_’ + . @

DivideZ  ahs2 Fend C
Dividea oo
i
Preduct!

1 signal rms

Constanti

AMS1 Constant3

Fig. 4: Frequency to voltage converter model
C. PID controller
The PID controller involves three separate constant
parameters the proportional, the integral and derivative
values, denoted by P, I, and D. Control signal of PID
controller is denoted by
t

u(t) = ke(t)+ [k; (r)dr+ kg
0
Control  parameters assumed for PID control
implementation are K,=1.26, K=0.003 and K;=2.23
respectively.

oe(t)

®)

Fig. 5: Matlab/Simulink implementation of a PID controller
IV. SIMULATION RESULT VERIFICATION

140 W buck converter has been tested with both control
techniques and the specifications are given as follows:

a. input voltage,V;, : 20-30V

b. output voltage,Vy: 12V

€. maximum output voltage ripple, 2 V
d. maximum inductor current ripple: 7 A

Fig. 5 and Fig. 6 show the simulink model implementation
of PID controller and SBC controller respectively. Fig. 7
to Fig. 10 show the waveforms of the output voltage and
the load current when the input voltage is changed
suddenly from 20V to 30V and vice versa, respectively. As
observed in the waveform, the maximum and minimum
output voltage ripple obtained with PID are 12.68V and
11.04V respectively while with SBC the maximum and
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Fig. 6: Matlab/Simulink implementation of second-order boundary (SBC) control of a Buck converter

minimum output voltage ripple obtained are 12.02V and
11.96V respectively. Therefore, there is overall 96.3%
improvement in the output voltage ripple after the
occurrence of disturbance with SBC control algorithm.
Similarly, there is a 95.6% improvement in load current
ripple with the use of SBC.

Fig. 11 to Fig. 14 show the waveforms when the load
resistance change from 1.2 Q (10A, 120W) to 2.4 Q (5A,
60W), and vice versa, respectively.

For better understanding, the maximum and minimum
voltage and load current obtained under all possible
disturbance considered are duly tabulated in Table-II.
With the use of PID controller there is a large fluctuation
in output voltage and load current ripple during and after
disturbances, whereas SBC controller keeps current and
voltage ripple almost constant throughout during and
after the disturbance.

For SBC control, the transient periods last about 40 us
and 50 us,. Again, the converter settles in two switching
actions and the steady-state switching period is also kept
at about 40 us before and after the two input
disturbances. The input voltage is introduced with a high
percentage of ripples.

Apart from studying the dynamic response, it can be
observed that the output voltage can be regulated tightly
at the steady state without being affected by the input

voltage ripple. Whereas PID control takes more time to
settle showing more ripple content during all type of
transient period.

Fig. 7: Sudden change in input V; from 30V to 20V
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Fig. 8: Sudden change in input V; from 30V to 20V
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Fig. 9: Sudden change in input V; from 20V to 30V
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Table 11: Comparative results index in terms of output ripple for SBC and PID control implemented in a buck before and after

disturbance

_ Ripple Output ripple with PID Output ripple with SBC
Quantity changed Parameters
A before after before after
Maximum 12.24 12.82 12.04 12.04
Output voltage Mini
Input voltage inimum 11.08 11.1 11.95 11.94
(30V to 20V) Maximum 10.25 10.68 10.07 10.07
Load current —
Minimum 9.163 9.226 9.93 9.93
Maximum 13.15 12.68 12.02 12.02
Output voltage Mini
Input voltage inimum 11.34 11.04 11.95 11.96
(20V to 30V) Maximum 10.96 10.57 10.04 10.02
Load current —
Minimum 9.448 9.19 9.993 9.96
Maximum 12.33 12.67 12.03 12.02
Load Output voltage —
2.4Q (5A, 60W) Minimum 11.73 11.27 11.94 11.97
to Maximum 5.16 10.58 5.013 10.02
1.2Q (10A, 120W) Load current | 489 9.05 498 9.95
Load Maximum 12.67 12.36 12.03 12.06
oa Output voltage —
1.2Q (10A, 120W) Minimum 11.17 11.69 11.98 11.97
to Load current Maximum 10.55 5.13 10.03 5.02
2.4Q(5A, 60W) Minimum 9.28 4.86 9.93 4.97

AWAWAWAWAAWAWAY
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500

Fig. 11: Sudden load change from 2.4Q (5A, 60W) to 1.2Q

(10A, 120W)

Fig. 12: Sudden load change from 2.4Q (5A, 60W) to 1.2Q
(10A, 120W)

T T T

‘quJ

Fig. 13: Sudden load change from 1.2Q (10A,120W) to 2.4Q

(5A, 60W)

96

Fig. 14: Sudden load change from 1.2Q (10A,120W) to 2.4Q
(5A, 60W)

V. CONCLUSION

Boundary control technique with second-order switching
surface and PID control technique for buck converters
has been presented and compared. Second-order
boundary control exhibits two key features. First, the
technique combines the advantage of SBC that the
converter can reach the steady state in two switching
actions after large-signal disturbances. Second, the
switching frequency can be kept at a relatively constant
value and the implementation of the frequency control
loop only requires simple circuitry. A 140 W prototype
has been tested. It can be clearly inferred from the output
waveform and comparative table that output ripple
variation in PID control seems more as compared to
SBC control which has almost similar output ripple
before and after the occurrence of external disturbances.
In PID control output ripple increases as long as load
decreases and this makes the system less efficient as
compared to SBC control. Overall there is good
agreement between the theoretical predictions and
simulation results. As the proposed controller gives a
wide range of operation over large disturbances, these
can be further extended to other converter topologies.
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Comparison on the Performance of Induction Motor
Drive using Artificial Intelligent Controllers

P. M. Menghal !

Abstract-This paper presents an integrated environment for
speed control of induction motor (IM) using artificial
intelligent controller. The main problem with the
conventional fuzzy controllers is that the parameters
associated with the membership functions and the rules
depend broadly on the intuition of the experts. To overcome
this problem, adaptive neuro-fuzzy controller is proposed in
this paper.The rapid development of power electronic devices
and converter technologies in the past few decades, however,
has made possible efficient speed control by varying the
supply frequency and voltage, giving rise to various forms of
adjustable-speed induction motor drives. The integrated
environment allows users to compare simulation results
between classical and artificial intelligent controllers. The
fuzzy logic controller, artificial neural network and ANFIS
controllers are also introduced to the system for keeping the
motor speed to be constant when the load varies. The
comparison between conventional PI, fuzzy controller, ANN
and adaptive neuro-fuzzy controller based dynamic
performance of induction motor drive has been presented.
Adaptive neuro-fuzzy based control of induction motor will
prove to be more reliable than other control methods. The
performance of the Induction motor drive has been analyzed
for no, constant and variable loads.

Keywords—Proportional integral (Pl) controller, fuzzy logic
controller (FLC), artificial neural network (ANN), intelligent
controller, adaptive-neuro fuzzy inference system (ANFIS).

I. INTRODUCTION

Induction motors (IMs) have been used as the workhorse
in industry for a long time due to their easy build, high
robustness, and generally satisfactory efficiency [1].
Acrtificial intelligent controller (AIC) could be the best
controller for Induction Motor control. Over the last two
decades researchers have been working to apply AIC for
induction motor drives [1-6].This is because that AIC
possesses advantages as compared to the conventional PI,
PID and their adaptive versions. Mostly, it is often difficult
to develop an accurate system mathematical model since
the unknown and unavoidable parameter variations, and
unknown load variation due to disturbances, saturation and
variation temperature. Controllers with fixed parameters
cannot provide these requirements unless unrealistically
high gains are used. Thus, the conventional constant gain
controller used in the variable speed induction motor
drives become poor when the uncertainties of the drive
such as load disturbance, mechanical parameter variations
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and unmodelled dynamics in practical applications.
Therefore control strategy must be adaptive and robust. As
a result several control strategies have been developed for
induction motor drives in last two decades. This paper
presents the speed control scheme of scalar controlled
induction motor drive in open loop and closed loop mode,
involves decoupling of the speed and reference speed into
torque and flux producing components. Fuzzy logic,
artificial neural network and adaptive neuro-fuzzy
controller (ANFIS) based control schemes have been
simulated. The performance of fuzzy logic, artificial
neural network and adaptive neuro-fuzzy controller
(ANFIS) based controllers is compared with that of the
conventional proportional integral controller in open loop
and closed loop. The dynamic performance of the
induction motor drive has been analyzed for constant and
variable loads. Fig.1 and Fig.2 shows the proposed control
scheme for an induction motor in open loop and closed
loop [9-12].
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Fig.1: Basic v/f control of induction motor.

Scalar control method is widely used in industries due to
its simple structure characterized by low steady-state error.
Proportional integral (PI) controllers are commonly used
in scalar speed control of induction motors in addition to
Al controllers. A mathematical model of the real plant is
required for the controller design with conventional
methods. The difficulty of identifying the accurate
parameters for a complex nonlinear and time-varying
nature of real plants may render, in many cases, the fine
tuning of parameters which is time consuming. Pl
controllers are very much sensitive to parameter variations
inherent in real plant operations. The gain equation for PI
controller
T =Kye+K;/edt
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The output of the PI controller is updated by updating the
PI controller gains (K, and K;) based on the control law in
the presence of parameter variation and drive nonlinearity.
The use of PI controllers for speed control of induction
machine drives is characterized by an overshoot during
tracking mode and a poor load disturbance rejection. This
is mainly caused by the fact that the complexity of the
system does not allow the gains of the Pl controller to
exceed a certain low value. If the gains of the controller
exceed a certain value, the variations in the command
torque controller gains are very high. The motor reaches
the reference speed rapidly and without overshoot, step
commands are tracked with almost zero steady state error
and no overshoot, load disturbances are rapidly rejected
and variations of some of the motor parameters are fairly
well dealt, which becomes too high and will destabilize
the system. To overcome this problem, we propose the use
of a limiter ahead of the Pl controller [11]. This limiter
causes the speed error to be maintained within the
saturation limits. Fig.3 shows the structure of PI controller.

I1. ARTIFICIAL INTELLIGENT CONTROLLER

Despite the great efforts devoted to induction motor
control, many of the theoretical results cannot be directly
applied to practical systems. Intelligent control techniques
are generally classified as expert system control, fuzzy-
logic control, neural-network control and genetic
algorithm. Various artificial intelligent controllers are as
follows:

(a) Fuzzy Logic Controller: The speed of induction motor
is adjusted by the fuzzy controller. In Table-I, the fuzzy
rules decision implemented into the controller are given.
The conventional simulated induction motor model as
shown in Fig. 2 is modified by adding fuzzy controller and
is shown in Fig. 4. Speed output terminal of induction
motor is applied as an input to fuzzy controller, and in the
initial start of induction motor the error is maximum, so
according to fuzzy rules FC produces a crisp value. Then
this value will change the frequency of sine wave in the
speed controller. The sine wave is then compared with
triangular wave to generate the firing signals of IGBTS in
the PWM inverters. The frequency of these firing signals
also gradually changes, thus increasing the frequency of
applied voltage to induction motor [12,14].

As discussed earlier, the crisp value obtained from fuzzy
logic controller is used to change the frequency of gating
signals of PWM inverter. Thus the output AC signals
obtained will be variable frequency sine waves. The sine
wave is generated with amplitude, phase and frequency
which are supplied through a GUI. Then the clock signal
which is sampling time of simulation is divided by crisp
value which is obtained from FLC. So by placing three
sine waves with different phases, one can compare them
with triangular wave and generate necessary gating signals
of PWM inverter. So at the first sampling point the speed
is zero and error is maximum. Then whatever the speed
rises, the error will decrease, and the crisp value obtained
from FLC will increase. So, the frequency of sine wave
will decrease which will cause IGBTs switched ON and
OFF faster. It will increase the AC supply frequency, and
the motor will speed up. The inputs to these blocks are the
gating signals which are produced in speed controller
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block. The firing signals are applied to IGBT gates that
will turn ON and OFF the IGBTS.

Table I: Fuzzy rule decision.

Ae
P z N
e
P P P Z
z P z N
N z N N

(b) Artificial Neural Network (ANN): One of the most
important features of Artificial Neural Networks (ANN) is
their ability to learn and improve their operation using a
neural network training data[7-8]. The basic element of an
ANN is the neuron which has a summer and an activation
function. The mathematical model of a neuron is given by:

N
y:¢zlexj+b (1)
]=

where (Xq, X,... xy) are the input signals of the neuron, (w;,
W,,... wy) are their corresponding weights and b is bias
parameter, ¢ is a tangent sigmoid function and vy is the

output signal of the neuron. The ANN can be trained by a
learning algorithm which performs the adaptation of
weights of the network iteratively until the error between
target vectors and the output of the ANN is less than a
predefined threshold. The most popular supervised
learning algorithm is back- propagation, which consists of
a forward and backward action. In the forward step, the
free parameters of the network are fixed, and the input
signals are propagated throughout the network from the
first layer to the last layer. In the forward phase, we
compute a mean square error.

AN ey v (k)2
E(k) = N El((dl(k) yi (k) )

where d; is the desired response, y; is the actual output
produced by the network in response to the input xi, k is
the iteration number and N is the number of input-output
training data. The second step of the backward phase, the
error signal E(k) is propagated throughout the network in
the backward direction in order to perform adjustments
upon the free parameters of the network in order to
decrease the error E(K) in a statistical sense. The weights
associated with the output layer of the network are
therefore updated using the following formula:
OE(k)
wi(k+1) =w;; (K)—np——=

JI( ) ]|( ) n@Wji(k) (3)
where wj; is the weight connecting the i™ neuron of the
output layer to the i" neuron of the previous layer, 7 is the
constant learning rate. The objective of this neural network
controller (NNC) is to develop a back propagation
algorithm such that the output of the neural network speed
observer can track the target one. Fig. 5 depicts the
network structure of the NNC, which indicates that the
neural network has three layered network structure. The
first is formed with five neuron inputs A(wawn(K+1)),
A(wann(K)), wann, @s(K-1), A(ws(K-2)). The second layer
consists of five neurons. The last one contains one neuron
to give the command variation A(ws(K)). The aim of the
proposed NNC is to compute the command variation
based on the future output variation A(wann(K+1)). Hence,
with this structure, a predictive control with integrator has



been realised. At time Kk, the neural network computes the
command variation based on the output at time (k+1),
while the later isn’t defined at this time. In this case, it is
assumed that wann(K+1) = wanw(K).The control law is
deduced using the recurrent equation given by,

4)

These terms are considered as disturbances and are
cancelled by using the proposed decoupling method. If the
decoupling method is implemented, the flux component

Layer

w5 (K) = w5 (k =1) + GA(; (k))

P. M. Menghal et. al: Comparison on the Performance of Induction...

equations become

Dy =G(s)Vys
Dy =G(S)Vs

Large values of # may accelerate the ANN learning and
consequently fast convergence but may cause oscillations
in the network output, whereas low values will cause slow
convergence. Therefore, the value of # has to be chosen
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carefully to avoid instability. The proposed neural network
controller is shown in Fig. 5 [14-15].

(c) Adaptive Neuro-Fuzzy Controller (ANFIS): AC motor
drives are used in multitude of industrial and process
applications requiring high performances. In high
performance drive systems, the motor speed should
closely follow a specified reference trajectory regardless
of any load disturbances and any model uncertainties. In
the designing of a controller, the main criteria is the
controllability of torque in an induction motor with good
transient and steady state responses. With certain
drawbacks, Pl controller is able to achieve these
characteristics. The main drawbacks are (i) The gains
cannot be increased beyond certain limit. (ii) Non-linearity
is introduced, making the system more complex for
analysis. With the advent of artificial intelligent
techniques, these drawbacks can be mitigated. One such
technique is the use of fuzzy logic in the design of
controller either independently or in hybrid with PI
controller. Adaptive neuro-fuzzy inference system (ANFIS)
replaces the draw-backs of fuzzy logic control and
artificial neural network. Adaptive neuro-fuzzy combines
the learning power of neural network with knowledge
representation of fuzzy logic. Neuro-fuzzy techniques
have emerged from the fusion of artificial neural networks
(ANN) and fuzzy inference systems (FIS) and have
become popular for solving the real world problems. A
neuro-fuzzy system is based on a fuzzy system which is
trained by a learning algorithm derived from neural
network theory. There are several methods to integrate
ANN and FIS and very often the choice depends on the
applications. In this paper, the inputs will be e(k) and
Ae®)[12]. Fig.6 shows the overall structure of adaptive
neuro-fuzzy model.

I11. COMPARISON ON PERFORMANCE ASSESSMENT OF
ARTIFICIAL INTELLIGENT CONTROLLER BASED INDUCTION
MOTOR DRIVES

A complete simulation model for scalar v/f controlled
induction motor drive incorporating Pl, fuzzy logic
controller, neural network controller and ANFIS is
developed in open loop and closed loop mode. v/f control
of induction motor drive with fuzzy controller is designed
by proper adjustments of membership functions, neural
network controller is designed by adjusting the weights
and ANFIS is developed on a fuzzy system which is
trained by a learning algorithm derived from neural
network theory in order to get simulated results.

The performance of the artificial intelligent based
induction motor drive is investigated at different operating
conditions. In order to prove the superiority of the ANFIS,
a comparison is made with the response of conventional P,
FL and neural network based induction motor drive. The
parameters of the induction motor considered in this study
are summarized in Appendix A. The performances of the
scalar controlled induction motor with all intelligent
controllers are presented at constant load and variable
load in open and closed loop mode. The dynamic
behaviours of the PI controller, FLC controller, neural
network controller and ANFIS controller are shown in
Fig.7 to Fig. 24 at no load, constant and variable load
conditions in open loop and closed loop mode respectively.
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(i) At no load condition:

Fig.7 and Fig.16 show the torque speed characteristics of
different Al controllers at no load in open and closed loop
model. From the characteristics it is observed that the peak
overshoot for ANFIS is less as compared to PI, FL and
ANN. From the Fig.10, Fig. 13, Fig. 19 and Fig. 22, it is
observed that with ANFIS, the torque and speed reaches
its steady state value faster as compared to other Al
controllers.

(if)At constant load conditions: 10Nm

A drive with PI controller has a peak overshoot, but in
case of fuzzy controller, neural network controller and
ANFIS controller, it is eliminated as shown in Fig. 11 and
Fig.20 when sudden load of 10Nm is applied to the motor.
The PI controller is tuned at rated conditions in order to
make a fair comparison. Fig. 8, Fig.11, Fig.14, Fig. 17, Fig.
20 and Fig.23 shows the simulated performance of the
drive at starting, with conventional PI, FL, Neural and
ANFIS based drive systems, in open loop and closed loop
mode respectively. Although the PI controller is tuned by
trial and error to give an optimum response at this rated
condition, the ANFIS controller yields better performance
in terms of faster response time and lower starting current.
It is worth mentioning here that the performance obtained
by the proposed Al controller is faster than the PI
controller, i.e. it achieves the steady state condition faster
than the PI controller.

iii)At variable load conditions: 30Nm at 1.5sec

Drive with PI controller speed response has small peak at
0.6 sec, but in case of fuzzy controller, neural network
controller and ANFIS controller speed response, it is quick
and smooth response which is shown in Fig.9, Fig.12 and
Fig. 15, Fig. 18, Fig. 21, Fig. 24. Fig. 15 and Fig. 24
shows the speed response for step change in the load
torque using the PI, fuzzy, neural and ANFIS controller,
respectively. The motor starts from standstill at load torque
= 0 Nm and at t =1.5sec, a sudden full load of 30 Nm is
applied to the system, then it is controlled by fuzzy, neural
and ANFIS controller. Since the time taken by the PI
control system to achieve steady state is much higher than
fuzzy, neural and ANFIS controlled system, the step
change in load torque is applied at t = 3 Sec. The motor
speed follows its reference with zero steady-state error and
a fast response using a fuzzy controller, neural and ANFIS.
On the other hand, the PI controller shows steady-state
error with a high starting current. It is to be noted that the
speed response is affected by the load conditions. This is
the drawback of a Pl controller with varying operating
conditions. It is to be noted that the neuro controller and
ANFIS gives better responses in terms of overshoot,
steady-state error and fast response when compared with
Pl and fuzzy. These figures also show that the neuro and
ANFIS controller based drive system can handle the
sudden increase in command speed quickly without
overshoot, under- shoot, and steady-state error, whereas
the PI and fuzzy controller-based drive system has steady-
state error and the response is not as fast as compared to
neural network and ANFIS. Thus, the proposed ANFIS
based drive has been found superior to the conventional
Pl-controller, FLC, and ANFIS based system.
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V1. CONCLUSION

In this paper, simulation results of the induction motor are
presented in conventional PI, FL, ANN and ANFIS. As it
is apparent from the speed curves in four models, the
fuzzy controller drastically decreases the rise time, in the
manner which the frequency of sine waves are changing
according to the percentage of error from favorite speed.
The frequency of these firing signals also gradually
changes, thus increasing the frequency of applied voltage
to induction motor. According to the direct relation of
induction motor speed and frequency of supplied voltage,
the speed also will increase. With results obtained from
simulation, it is clear that for the same operation condition
of induction motor, fuzzy controller has better
performance than the conventional Pl controller. By
comparing Adaptive neuro-fuzzy model with FL model, it
is apparent that by adding learning algorithm to supplied
voltage, the speed will also increase. With results obtained
from simulation, it is clear that for the same operation
condition of induction motor, fuzzy controller has better
performance than the conventional Pl controller. By
comparing Neural network controller with FLC, it is
apparent that by adding learning algorithm to the control
system will decrease the rising time more than expectation
and it proves ANFIS controller has better dynamic
performance as compared to NN, FL and conventional Pl
controller. The comparative results prove that the
performance of scalar v/f-control drive with ANFIS
controller is superior to that with conventional Pl, fuzzy
and neural network controller. Thus, by using ANFIS



controller the transient response of induction machine has
been improved greatly and the dynamic response of the
same has been made faster. For variable loads, when there
is a sudden change in load, the ANFIS controller reaches
its steady state value faster and there are no overshoots as
compared to the PI, Fuzzy and NN controller. This proves
the robustness of ANFIS controller.

APPENDIX A
The following parameters of the induction motor are
chosen for the simulation studies:

V =415V f=50Hz Rated Power = 2200
Watts

Rs=1.115Q R;=1.083 Q L= 0.005974H

L,=0.005974H Ln=0.2037TH p=4

J=0.1kg-m*  f=0.005752 Nms
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Low Voltage DC Distribution System

K. Ding !, K. W. E. Cheng 2, D.H. Wang ®, Y.M. Ye*, X.L.Wang°, J.F.Liu ®

Abstract-AC distribution is conventional and its future is
now under threat with its major competitor DC distribution.
Transformer voltage conversion can be replaced completely
by DC-DC converter in DC distribution with voltage and
current regulation. DC energy and energy saving as the
distribution match well with the recent technology in

renewables, energy storage, computer and control electronics,

modern lightings and electric mobility which are all DC
based. Using DC, the AC-DC and DC-AC conversions will
no longer be needed. The higher processing efficiency, simple
control in power quality, easy voltage source connection and
material reduction are the obvious advantages. The paper
discusses the recent development of DC distribution and its
technology. The work in voltage level, soft-switching, safety
and protection are the area of recent development. Power
Electronics is a driving force to realize this future power
distribution. Analyses on the voltage and efficiency are also
complemented with the description. It is expected that the
DC distribution demonstrates a power innovation in the
world and open a new chapter for energy saving and power
utilization.

Keywords-DC distribution, AC distribution, energy storage,
DC-Dc converter, inverter

I. INTRODUCTION

AC distribution has been used for more than a century.
Today most of the home, office and industrial appliances
or equipment are using AC. The AC distribution allows
simple voltage conversion using conversion transformer.
Therefore it is still being used widely everywhere [1- 6].
There are a number of disadvantages using AC
distribution. The voltage conversion uses power
transformer that is based on silicon iron core. They operate
under low frequency which is 50Hz. The overall size is
large and it needs a lot of materials. The size of the
associated components are also many. The AC distribution
also suffers from AC loss. Therefore the cross-section of
the AC cable is usually larger than DC cable. The
harmonic current, power factor and many power quality
problems exist in the AC system. It also imposes
drawbacks in using the AC system [7-13]. The more
important issue is incompatible with the existing
technologies. Today almost all the electrical and
electronics systems need only DC power [14-19]. This
includes the lighting — all LEDs and electronic ballast,;
motor driver — all uses DC powered inverters;
Entertainment — All amplifier and AV equipment are DC
operated; Energy storage — Battery and super-capacitor are
DC operated[20]; Renewable energy — Solar panel is DC,
wind generator can directly output DC[21-29]; Control

and computer- All control electronics and computers are
DC operated [30-36]. Power electronics DC conversion
technology has been developed and used in DC
distribution system extensionally [37-41]. Many apparatus
sets are of structure as shown in Fig 1. There is a rectifier
that converts AC into DC. The resultant DC of the rectifier
is then converted to other DC voltages for different
electronic circuits or electrical units. If DC is used directly,
the rectifier sub-circuit can be eliminated. The materials
can be reduced and the efficiency can be increased. Table |
summaries the equipment using DC.

AC-DC Rectifier pe-DC

Power Conversion
DC Link

-~ 1L (oo
N Ac DC

A}
\" ' /input Output
*——0 —-I-— —e

Fig.1: A typical structure of the power supply of an apparatus or
equipment.

Table 1: Summary of the appliances using DC

Catalog Applications

Consumer Amplifier, Television set
products

Personnel computer

Blender

Fans

Fluorescent lamps and its electronic
ballast

Compact fluorescent lamps and its
electronic ballast

Mobile phone, Home apparatus
Charger

Microwave oven, Induction cooker

Buildings Ventilation

Lift, Escalator

Pump

UPS, Voltage dip restorer

VAR compensator, high frequency

Lighting, LED

Automotive Traction and train

Battery charger

Motion control

Industrial Motor drives

Sewing machines

Pump

Seawater water maker

Electric plating
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Medical Wheel-chair, robot

Functional electrical stimulator (FES)

Most medical monitoring systems

MRI

It can be seen that Table 1 cover most of the common
electrical and electronic system. Most of them can actually
DC connected or directly driven by DC.
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Table 2: Units used AC or DC

Units uses AC or DC

In the future

Incandescent light bulb

Replaced by compact
fluorescent lamp, can use
DC directly

Constant speed motor
such as fans,

Replaced by inverter
drives.

Thermal units of

Can use DC directly

filament

Simple pump or motor
such as aquarium
applications

AC generator

Replaced by DC motors

DC generator using DC
line power control

Table 3: Comparisons of DC/AC System

Size Energy Saving
Decrement
Electronic 30% 5%
Ballast
Motor Driver 30% 4%
Renewable 40% 5%
Energy System
Transmission 50% 2%
Charger 20% 10%
TV/HIiFi 10% 10%
Computer 15% 8%
Average 25% 4.5%

Many systems that are originally used in AC can also be
used in DC which is shown in Table Il. Typical efficiency
for the power supply unit for small power electric system
is 80% in which the rectifier accounts for 1/3 of the loss.
Therefore it will provide 7% of energy saving if DC is
used. For high power unit, the rectifier unit accounts for
5%. The saving together with equipment itself and other
distribution network, the total loss using DC could be
reduced by 50%. Table 111 summarizes the advantages.

The above discussion clearly shows that DC should be
used in the electrical system rather than AC. Presently, all
the AC networks are converted to DC firstly before it is
connected to the appliances or equipment, either externally
or internally. Therefore it is beneficial to use DC to reduce
the number of stages of power conversion and reduce the
materials used in power conversion, hence to increase the
efficiency, simplify the power conversion, improve the
reliability, simplify summation or parallel of voltage and
load, and simplify the power quality circuit. Today the
technology of power electronics is mature. High frequency
DC-DC power conversion is simple, low cost, high
efficiency and readily available to be used for this duty.
All the above can be realized by DC power conversion
technology.

1. STRUCTURE AND DC BUS VOLTAGE LEVELS

A.DC layer structure

DC distribution power system (DPS) can be an alternative
method to deliver the power to the end of the user. The
driving force comes from the rapid evolution of power
electronic device, the cost, stability, safety and efficiency
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requirement, the integration and modularize requirement
of the system. And the most importance is the emerging
need for DC power supply for all electric and electrical
products that most of them have power electronics circuits.
DC distribution method allows the incorporation of recent
improvement in power electronics, and obtains significant
improvement in design and manufacturing process. A
typical DC distributed power system is shown in Fig. 2.
The main structure of the DPS contains power sources
which are commonly parallel connected and delivers
power to the intermediate bus, the voltage level in this
system is 310V dc and also several load converters to
convert the specified voltage to the customer. In Fig. 2, the
power sources include renewable resources such as wind
power, photovoltaic generation, and also battery backup
which power the loads when the two main power sources
fail to supply electricity in a short period and a redundancy
generator activates when wind power and photovoltaic fail
in a long period.

FFC  DC/DC converter Load converter

~ = = DC
p = = load
_ TC
- = load
backup Redundancy oA

Generator

310V DC

Generator ~

|

Fig. 2: DC distribution system with renewable sources generation.

The double-layer DC distributed power system employed
in this paper is shown in Fig.3. The high voltage DC level
is 300V~310V DC and the low voltage DC level is
20V~24V. All the DC buses also have an earth bus for the
implementation.

B.DC bus voltage levels

The appropriate DC bus voltage level selection is the key
step in the DC distribution system design which has great
impact on the performance and characteristic of the entire
power system. The DC bus voltage ranges from 12V to
400V in a low voltage distribution system. For most
desktop computer system, 12V DC bus is a better choice
than the traditional AC bus, which reduces power
conversion stage from AC mains to 12V DC voltage while
military and aerospace power units have a long history of
standardizing on 28V DC. For telecommunication
company, the 48V DC has been used for years on the
telecommunicate applications powered by 48V DC
voltage partly because of the widely available 12V DC
batteries. Now, DC has been considered as an alternative
system for power distribution or at least a hybrid system
which incorporating in parallel existence with AC
distribution system since AC power system is still the
commonly accepted distribution and still be used for a
long time partly due to mature AC standard and
regulations. 300V~310 V DC are considered to be
economic and effective enough to apply to the existing
system and be compatible to the most products in use
today. With an agreement on 36 V as the maximum safety
voltage that will not create a hazard in China, a nominal
voltage of 20V~24V DC has been accepted as the best
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compromise between DC/DC conversion efficiency and
safety. Therefore, 20V~24V DC bus voltage has been
considered as the choice of the voltage level in low
voltage distributed power system.

Load converter

PFC DC/DC converter

AC
Power =
Battery
backup
Gener
ator

310v DC

-

Bi-direction
DC/DC

1 = _ Battery

= y bank
i-direction
DC/DC

Bi-direction
load

Fig. 3: DC distribution system with double-layer structure.

C. Proposed DC System

The schematic of proposed DC system is shown in Fig. 4.
The system includes the power source, AC/DC converters,
renewable energy, DC/DC converters, batteries pack and
electronics load used in home.

1. UNITS INDC SYSTEM

A. Renewable energy system

The recent rapid growth of renewable energy technologies,
such as solar photovoltaic and wind turbines, are
dramatically changing the nature of transmission,
distribution and utilization of electrical energy. Most of
storage equipments include batteries and ultra-capacitors
that operate on DC voltage. Most renewable energy
include solar and wind which have been widely utilized in
household, industry and commerce. The electrical energy
produced by renewable energy systems like photovoltaic
panels is in the form of the DC electrical energy. In effect,
despite of the fact that the electrical energy produced by
the wind turbines is in the form of AC in certain
proportion to the wind speed, this AC energy is converted
into the DC energy by its converters. Thus, the DC energy
produced by photovoltaic panels and wind turbines have to
be converted into AC energy due to the fact that the
consumers are all AC. Such a DC/AC conversion brings
disadvantages such as the need of a DC/AC converter, the
involvement of some harmonics, and the loss of energy in
converter stages, special DC link design, the increase in
dimension and cost, and degradation of the dynamic
response.
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Fig. 4: The schematic of the DC System.

B. DC energy systems

The transmission of the electrical energy from the place of
production to the place of consumption comes with the
problem of the loss of energy. The transmission of the
energy produced by renewable energy systems with the
least possible loss is extremely important since these
systems are expensive and the power generator may be is
discontinuous. In the AC energy system, the power factor
gets involved and hence this adversely affects the active
power transmitted. Such a problem in power factor and the
associated energy loss due to power factor does not exist
in DC systems as the power factor is considered to be
unity in the DC energy transmission. The energy produced
by photovoltaic panels, fuel cells and wind turbines is in
the form of DC and thus we can abstain from the above
mentioned problems if we use DC loads without the need
of DC/AC conversion.

In addition, changing DC to AC is relative expensive and
inefficient, while regulating DC or changing AC to DC is
both cheap and efficient. DC/AC inverters are quite
complex, while DC/DC conversion are relatively simple
and mature, and AC/DC rectifiers are extremely simple.
Therefore, it is quite easy to import either DC or AC
power or even both into a DC energy system but relatively
difficult to import DC power into an AC grid.

IV. NEW CHALLENGE OF DC SYSTEM

The switch or breaker should be revisited as the DC
condition is different from AC condition. All switching
units are examined and new DC switching units are
introduced.

A. New Thyristor DC Circuit Breakers with Novel ZCS
Technique

DC current is the key concern in DC system. There is no
zero crossing point as in the AC system which usually
sinusoidally varies with time. Incorrect switching on and
off of a DC current will introduce transient incident such
as high voltage breakdown. This  produces
electromagnetic interference, reduces the component age
and increases other transient operational risk. The obvious



solution is to use zero-current switching (ZCS) that reduce
the switching transient. The following is a new introduced
DC switching breaker.

In order to simplify the capacitor self-charging circuit of
thyristor DC circuit breakers for low voltage residential
and commercial applications, a novel topology is
developed as shown in Fig.5. In normal operation state,
thyristor Tnan IS turned on to carry current for the load.
Meanwhile, the Mosfet S is also turned on to provide the
charging path for the capacitor C,. In the beginning of an
interruption process, thyristor T, is turned on and S is
being off. The current of the LC resonant tank increases
from zero. The main switch T, will be off when the
resonant current increases to the level of the load current.
At the end of the process, the auxiliary switch T, is also
turned off when the capacitor C, is fully charged in

opposite polarity and the interruption process is completed.

Tmain Lr Cr

_""'_
aux = IZRAR D T
® e T B S
Source g_g i —
osks | 2

Solid state circuit breaker

Fig.5: Thyristor DC circuit breaker with simplified self-charging
circuit.

Fig 5 gives only a single wire thyristor DC circuit breaker
which only has a limited protection as there is still one
wire not being off. For complete protection, all electric
conductors should be turned off during fault condition. A
new four terminal thyristor DC circuit breaker are
developed as given in Fig.6. With the proposed unit, faults
can be totally isolated from the power source. The positive
and negative buses are protected through the two
combinations of thyristor switches as seen in the upper
rail and lower rail, respectively. However, there is only
one capacitor charging circuit required to provide energy
for the two capacitors before responding to an interruption
command. In order to ensure there are the same amounts
of energy pre-charged in the two capacitors, passive
balance resistors Rp are employed. It should be noted that
the value of Rp is not only far larger than the charging
resistor Rg, but also so large that the auxiliary switch T,y
could be off automatically at the end of an interruption
process. The operation principle of this new circuit breaker
is the same as that of one shown in Fig.5, but has extended
to the both rails.

Tmain i*‘ ‘:R
. Lr Cr onP
)
3
5 Taux 5 e R S
3 25! & Rs|
@ ¢ =1 . K3
o o Sigws o 3
Source @ Jaux Lr ° 1 x
=
3 3
- S
Tmain CrT >3 Re

Fig.6: Four-terminal thyristor DC circuit breaker with self-
charging circuit.
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B. Design of DC RCD

The measurement component of this paper is the single
core DC leakage current sensor based on magnetic
modulation. The difference with the traditional sensor is
that the single core and single coil.

DCH

!

DC-
Electromechanical
relay

Current

Transformer
Armafure

Load

Fig. 7: Connection diagram of RCD in the DC system.

As shown in Fig. 7, the transformer coil is used to detect
the leakage current signal through the differential current
of the load. The signal received is sent to a signal
conditioning circuit, and then processed by the signal
conditioning circuitry. A microcontroller is used to
provide the decision and identification of the leakage
current level for human protection. The RCD DC unit
executes the turn-off action, and visual display is
implemented to assist the operation. An LED light
indicates the working status of the system to achieve a
real-time display and DC leakage current self-diagnostic
result, and of course provides action and alarm.

C. Effect of DC current on human being

As shown in Fig. 8, the impedance of human being can be
divided into internal impedance and impedance of the skin.
The internal impedance of the human body is considered
as resistive. Its value depends primarily on the current path
and the contact area. The impedance of the skin is viewed
as a combination of resistances and capacitances. The skin
impedance falls as the increased current. The total
impedance of the human body is higher for DC.

Zp‘
Z internal impedance
Z > Z; 2,y Z5p impedance of the skin
Zy total impedance
202

Fig. 8: Impedance of the human body [42].
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At the moment of touching voltage, skin impedances are
negligible. The initial resistance is approximately equal to
the internal impedance of the human body. Therefore, the
initial resistance is determined by the current path. The
capacitances in the human body are charged as soon as
electrical excitation, and the impedance of the human body
is close to the addition of internal impedance and skin
impedance. The experiments are conducted to measure the
DC impedance of human, and the corresponding results
are demonstrated in Fig. 9.

24V Human(two hand) logR

L
@ ® PS ®
4
R (Q)
2
0
0 20 40 60 80 100
Time(s)
(@)
24V Human(one hand) logR
e
7.2
7.1
R (Q) ®
7 ® °
6.9 o o
6.8
0 20 40 60 80 100
Time(s)
(b)

Fig. 9: DC impedance of human at the given conditions.

The impedances of two hands are shown in Fig. 9a with
24V DC voltage; while the impedances of one hand are
shown in Fig. 9b with 24V DC voltage. It can be found
that the impedance is decreased along with the time
applied duration of DC electric shock.

According to the impedance characteristics of DC current,
the raw data processing can be accomplished by wavelet
analysis, and the obtained signals are viewed as the input
of Neural Network. The compositional structure can avoid
the input disturbance to BP Neural Network, and signals
preprocessing of wavelet analysis ensures the accuracy
and stability. Meanwhile, this structure can fully exert
their advantages as the wavelet analysis has high
resolution and BP Neural network has nonlinear
approximation. The leakage current protection is made
intelligent with adaptive identification and high fault
tolerance. Since the impedance model is stable and high
accurate, the personal electric shock current can be
effectively detected with fast response time.

V. THE ANALYSIS AND SIMULATION PLATFORM OF DC
SYSTEMS SET UP

A. Simulation System
As shown in Fig. 10, using an ideal voltage source Vs

110

(310V) with a series-connected resistor Ry (1mQ) as the
power source of the whole DC distribution system. In this
case, the level of 310V is directly obtained from the power
source Vs whereas the level of 20V is converted by a high
step-down DC/DC converter.

Considering the load characteristics in the DC distribution
system, all different types of loads are replaced by the
pure-resistance load with different values. It means just
active power is considered here. There are four loads with
total power 256W for the lower-voltage bus (20V) while
seven loads with the total power 6.78kW on the higher-
voltage bus (310V).

Each load is connected to the DC buses through an ideal
switch. This switch is just used to start and stop the load
operation and there is no power regulation function.
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Fig. 10: Simulation System for DC Distribution.

B. Step Loads Response

Step Load means the loads are gradually added to the DC
bus and the power source will endure maximum power
operation test at the end when all loads run simultaneously.
Fig. 11 (a) and 11 (b) provide the start-up sequence of all
loads for the higher- and lower-voltage buses, respectively.

When the four loads are connected to the lower-voltage
bus step by step, the bus responses including voltage Vyus»
and current I, are obtained as shown in the upper of Fig.
11(c). It shows the bus current increases gradually from
zero to maximum value 12.8A whereas the bus voltage
remains constant 20V. However, there are small spikes
found in the bus voltage when the load is changed
suddenly. These voltage spikes could be eliminated or
reduced by using the more advanced DC/DC power
converter to obtain the lower bus voltage from higher-
voltage bus. It also could be optimized by employing an
energy storage device with high power density, like super-
capacitor.

Similarly, with the seven loads are gradually added to the
higher-voltage bus, the bus current I, also increases
from zero to the maximum 21.9A. As shown in the lower
of Fig. 11(c), it could be found there is a slight bus voltage
drop with the increase in load. It is actually caused by the
internal resistance of the power source, i.e. Rs. In practical,
the resistance of wires also will contribute for the voltage



drop. It means the high internal resistance of both source
and wires should be avoided in practical DC distribution
system.

Additionally, the injection current 1y 4 from the higher-
voltage bus to the lower bus and the total current I
flowing out of the power source are also obtained as
shown in Fig. 11(d).
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(a) Loads start-up sequence of the higher-voltage bus
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Fig. 11: Simulation results for the dual-level DC distribution
system with step loads.

C. Pulse Load Response

Pulse loads sequence is given in Fig. 11(a) of which the
upper is for the higher-voltage bus and the lower is for the
lower-voltage bus. Each load is connected to the buses just
for a short period. It means the DC buses will withstand
the impact of frequent load change.

The corresponding bus currents under pulse loads
operation are obtained as shown in Fig. 11(b). It depicts
that the bus currents fluctuate frequently with loads
connected or disconnected from the buses.

The bus voltage response for the pulse load is depicted in
Fig. 11(c). For the higher bus voltage Vi, it also
fluctuates with the change of bus current l,,;. This could
be still explained as the effect of the internal resistance Rs.
In contrast, the lower bus voltage Vs Still remain
constant 20V but with small voltage spike when the load is
connected or disconnected from the bus. This performance
could be also optimized by using the same methods
present in the last section. Additionally, the soft-start and
soft-stop of loads also benefit the bus voltage spike
reduction.
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Fig. 12: Simulation results for the dual-level DC distribution
system with pulse loads.

D. Efficiency

The preferred voltage for DC high voltage is examined.
The study is using common apparatus for home and office.
As shown in Table 4, in the simulation study of higher DC
voltage, these selected appliances are typical ones and of
course other combination can also be used.

Table 4: Load for higher DC voltage

Load Rated Power(W)

Refrigerator 140
Air Conditioner 2000
Washer 2200
LCD TV 250
Microwave Oven 1200
Home Audio 400
Dehumidifier 390
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Fig.13: Simulated Efficiency curve for higher DC voltage.

The simulated efficiency curve of higher DC voltage is
shown in Fig.13, the efficiency approaches maximum
when the voltage reaches over 300V, for the existing
electronics appliances, the DC bus voltage is usually
smaller than 310V. Also, for single-phase full bridge
rectifier, the output voltage is around 310V. If taking into
account the input energy from a power source to the DC
distribution system, the higher DC voltage needs to be less
than 310V. 300V can be used as the preferred voltage in
the DC distribution system.

As shown in Table 5, in the simulation study of lower dc
voltage, these appliances are used as the load.

Table 5: Load for lower DC voltage

Load Rated Power(W)
LED lighting 100
Note book 100
DC fan 16
Battery Charger 40
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Fig.14: Simulated Efficiency curve for Lower DC voltage.

The simulated efficiency curve of lower DC voltage is
shown in Fig.14. The dc bus voltage can be connected to
the 20V voltage, so the efficiency of power conversion
from 20V dc bus to notebook is 100%. In the simulated
curve, the total efficiency is approaching maximum at the
voltage of 20V. 20V can be used as the preferred lower dc
voltage in the DC distribution system.



E. Simulation Results

Both the quality of power sources and interfaces limit the
performance of DC distribution system. The bus voltage
drop is mainly caused by the internal resistance of power
sources and wires while the voltage spike is mainly related
to the ability interfaces.

High quality power source (AC/DC converter) and power
interface (DC/DC converter) should be selected to build
the well performance DC distribution system. Employing
energy storage device with high power/energy density can
also contribute to improve the ability of anti-load-
disturbance. Meanwhile, the soft-start and soft-stop
techniques also should be developed to reduce the pulse
impact on the DC buses.

V1. DEVELOPMENT OF DC DISTRIBUTION STANDARDS

A. Protection and Electrical Safety Standard

System protection and electrical safety facilities, which are
well-established in AC power systems, but little practice
exists for DC systems. The existing DC standards for
protection and electrical safety standard is re-configured to
set up the DC distribution standard. This standard is
formulated with a view to ensuring personal and property
safety, energy conservation, advanced technology, full
function, economic rationality, reliable electrical
installation as well as convenient installation and operation
in the design of low-voltage DC distribution electrical
installations. This standard is applicable to the design of
low-voltage DC distribution electrical installations at
1000vDC in construction, extension and renovation
engineering. The DC Distribution Standards for Protection
and Electrical Safety developed mainly includes 1) Rules
for Selection of DC Distribution Conductors; 2) Safety
measures in arrangement of DC distribution equipment; 3)
Protection of DC distribution line, etc.

B. The DC Distribution Standard for switch gear

The DC Distribution Standard for switch gear covers DC
Distribution power circuit-breaker switch gear assemblies.
In this standard, the ratings of a DC switchgear assembly
are designations of operating limits under specified
conditions of ambient temperature and temperature rise.
DC Switchgear shall have the following ratings: (1) Rated
maximum voltage; (2) Rated insulation level; (3) Rated
continuous current; (4) Rated short-time current; (5) Rated
short-circuit current Physical and electrical conditions for
tests and methods of determining temperatures and test
values have been established. The voltage shall be 1000 V
or below.

C. Standard for retrofitting

In the past, AC is used for most of the transmission and
distribution system because a simple transformer can
provide the AC voltage conversion whereas DC cannot be
used in transformer for voltage step-up and down. With
the development of renewable energy technology, the AC
energy production is replaced by DC. The conventional
two-stage conversion that is the AC-DC and DC-AC for
AC-AC conversion to AC appliances is not usable for DC
distribution network. It is possible to skip one stage
conversion and to use DC-DC conversion only by using
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DC for distribution systems. The developed standard for
retrofitting includes retrofitting of power supplies, Inverter
Air conditioner, Motor Drive & Inverter, LED Driver,
Charger, Solar Power Conditioning, Wind Power
Generation and Fuel Cell Power Generation. In these
applications, the AC-DC stage is skipped and the main
power is directly connected to the DC bus.

VIl. CONCLUSION

DC distribution is a future technology. Today, all the
necessary materials and electronics are ready to realize
this new method to a city, building and office or home. It
represents the high efficient, high dynamic performance
and an environmentally friendly method of processing
electric power. The new method will change the electricity
concept and usage in all electrical parts and units. It will
change the world electricity market. It is obvious to
enhance the control and safety and reduce the energy loss
and materials. The detailed electric and performance
standard includes choice of voltage level, selection of one
or two layer DC distribution structure. The analysis and
simulation platform of DC systems have set up to examine
the new DC distribution system. That includes steady-
state and transient simulations under different operating
conditions, load type, storage device and renewable energy
source. Power distribution technology, switching method,
protection and electrical safety, retrofitting to the electrical
appliances, interfacing with the renewable energy and
energy storage have been developed. A new set of
standard has been developed that will be used to support
the new method of DC distribution.
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