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Failure Index and Fault Determination of Power
Transformer Using Fuzzy Logic and Dissolved Gas
Analysis

Nitchamon Poonnoy and Cattareeya Suwanasri
Department of Electrical and Computer Engineering
Faculty of Engineering
King Mongkut's University of Technology North Bangkok
Bangkok, Thailand
nitchamonp@kmutnb.co.th and cattareeya.s@eng.kmutnb.ac.th

Abstract—This paper introduces fuzzy logic and dissolved
gas analysis (DGA) method to fast and accurately identify the
percentage failure index (%FI) and problem inside power
transformer. The DGA involves Key Gas, Dérnenburg Ratio
and Rogers Ratio method. Fuzzy logic with Key Gas approach
is used to calculate %FI and identify problem inside power
transformer while fuzzy logic with Dérnenburg Ratio and
Rogers Ratio approach is used to confirm the problem. Then,
the accuracy of the obtained results were verified by
comparing them with the results from Duval triangle
technique. Next the failure index was calculated to classify the
proper maintenance actions and to effectively prioritize power
transformers maintenance tasks. The maintenance task and
usage strategies are also suggested in this paper. Ten power
transformers were investigated. The results show that TR3
encounters the highest %FI that requires urgent investigation
and corrective maintenance should be subsequently performed.

Keywords—dissolved gas analysis, Dérnenburg Ratio, fuzzy
logic, Key Gas method, failure index, Rogers Ratio.

l. INTRODUCTION

Power transformers are a key component for power
transmission and distribution system. During operation it will
deteriorate from either normal or abnormal condition such as
heavy loaded, aging and degradation of paper-oil insulation,
internal acing and partial discharge (PD), short circuit, etc.
These problems directly affect to insulating oil contained
inside transformer tank that acts as insulation and cooling
media. The abnormal conditions cause the breakdown of
hydrocarbon compound in paper-oil insulation into various
gases such as methane (CH,), ethane (C,Hg), acetylene
(C,H,), ethylene (C,H,) as well as other gases as carbon
monoxide (CO), carbon dioxide (CO,) and hydrogen (H,).
Therefore, the analysis of dissolved gases in the
transformer’s insulating oil can represent the health of the
transformer as well as some abnormal conditions inside the
transformer. This paper focuses on abnormal condition and
failure identification of power transformer occurred during
operation by applying dissolved gas analysis (DGA) and
fuzzy logic method. The DGA including Key Gas method,
Ddrnenburg Ratio method and Rogers Ratio method are
considered. Fuzzy logic is used as an intelligent tool to
automatically identify fault type occurring inside power
transformer. Samples of insulating oil collected from ten
power transformers in service were analyzed and the
problems inside transformer were interpreted.

The paper is organized as follows. Section Il describes
dissolved gas analysis technique for power transformer’s
insulating oil. In Section 11, the fuzzy logic method applied
for dissolved gas analysis is presented. Section IV presents
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results and analysis. Finally, the conclusions are summarized
in Section V.

II.  DISSOLVED GAS ANALYSIS

A. Key Gas Analysis

According to the IEEE C57-104 (1991) standard [1-2],
the fault interpretation is based on key gases such as H,,
CHy, C,H,, C,Hy4, CoHg, CO and CO,, the problem that may
occur with transformers can be identified. According to a
recommendation, the Key Gas method should be used when
transformer has not been analyzed for individual type of gas
for a long time. The Key Gas method [2] is separated into
four condition levels according to the amount of each
individual dissolved gas in insulating oil, which are “good”,
“acceptable”, “caution”, and “poor” as given in Table I.

TABLE I. DiSSOLVED GAS CONCENTRATION AND CONDITION
CLASSISFICATION
. Dissolved key gas concentration limits (ppm)
Condition = L T, ] CoHa | CoHe | CO | CO,
1| Good 100 120 1 50 65 350 2500
2 | Moderate |101-700{121-400| 2-9 |51-100 | 66-100 |351-570 2450%%
701- 401- 571- 4001-
Poor 1800 | 1000 10-35|101-200{101-150 1400 10000
4 Bad >1800 | >1000 | >35 | >200 | >150 | >1400 | >10000

For condition 1 as “Good”; if all of the key gases are in
this range, transformer are in normal condition and can be
operated satisfactorily. For condition 2 as “Moderate”; the
key gases in this range are greater than normal condition but
the transformer can be operated similarly to condition 1. For
condition 3 as “Poor”; the key gases in this range have high
level of decomposition, then urgent action is required. For
condition 4 as “Bad”; the amount of key gases in this range
indicate that there are excessive decomposition of gases
inside the transformer. The transformer should be shut down
and comprehensively investigated for any failure. However,
by considering a combination of key gases, problem in
transformer can be differentiated as described in Table II.

TABLE Il.  FAULT IDENTIFICATION USING KEY GAS METHOD
Key Gases Display Fault Types Model Outputs
- Normal F1
C,H,and C,Hg D1 Overheat oil F2
CO and CO, D2 Overheat cellulose F3
CH,and H, D3 |Arcing in oil/ corona in oil F4
Csz and H, D4 PD F5

In Table Il, the model output “F1” represents normal
condition. All key gases are in normal condition. It implies
that this transformer in this condition is satisfied. The model
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outputs F2, F3, F4, and F5 show the results of combinations
between two gases as C,H,and C,Hg, CO and CO,, CH,and
H,, as well as C,H, and H,, which the transformer may
encounter the problems as overheat oil, overheat cellulosic,
arcing/corona in oil, and PD, respectively as summarized in
Table II.

B. Fault Type Identification Using Ddrnenburg Ratio
Method

Doérnenburg Ratio method [3-5] proposes four gas ratios
as rl, r2, r3, and r4 of CH.H,, C,H,/C,H,, C,H,/CH, and
C,He/C,H,, respectively in order to identify a type of fault
inside power transformer such as thermal decomposition,
corona or low intensity PD, and arcing or high intensity PD
as given in Table I11. However, this method should be jointly
considered with the Key Gas method to identify the severity
of fault.

TABLE Ill. FAULT IDENTIFICATION USING DORNENBURG RATIO METHOD

Faults rl r2 r3 rd4
CH./H; CyH2/CoHy | CoH2/CH4|CoHe/CoHY
Thermal decomposition >0.1 <0.75 <0.3 >0.4
PD or low-intensity PD <0.1 insignificant|  <0.3 >0.4
preing origh-intensity| .o 1 19 <11| 075 | 503 | <04

C. Fault Type Identification Using Rogers Ratio Method

with fuzzy operator in the antecedent and related to the
consequence which is the output of the function. Centre-of-
gravity is widely used in fuzzy models for defuzzification
method, where the desired output z, is calculated as given in
Eq. (2) [14].

IZyC(z)dz
7y ="
[ 1 (2)ez

where p.(2) is the membership function of the output.

@

A set of fuzzy logic rules in the form of (if-and-then)
statements relating the input variables to the output is
developed based on transformer’s diagnostic [8-10] and test
data interpretation techniques. The overall fuzzy logic
model comprises sub-models as will be elaborated below
[11-12]. The first sub-model is described in details. Same
procedure is used to create other models.

B. Fuzzy Logic with Key Gas Method for %FI and Fault
Indentification

Different fuzzy rules based on input-output mapping are
developed to check DGA test result. The fuzzy logic will
perform the fuzzy rules of Key Gas method in 4 layers as
shown in Fig. 1.

Rogers Ratio method [3-5] introduces three gas ratios of - Y
R1, R2, and R3 as C,H,/C,H,, CH4/H, and C2H4/C2H6 to - D1
identify five different fault types as low energy density and m Thermal Oil
arcing PD, arcing high energy discharge, low temperature C2He
thermal, thermal is lower than 700°C, and thermal is greater M 05
than 700 C as expressed in Table IV.
Thermal
co QillPaper
TABLE IV. FAULT IDENTIFICATION USING ROGERS RATIO METHOD f}(}? D2
R1 R2 R3 co2
Case Possible Faults Thermal Paper
Csz/CzH4 CH4/H2 C2H4/C2H5
- /)(X\ B D7
0 <0.1 >0.1t01.0 <1.0 Unit normal
Low energy density h |/Electri
1 <0.1 <0.1 <1. ; H2 0.3115) ermal/Electrica
0 0 0 arcing PD |—| D3 Problem
Arcing high energy f)_(K\ FD
2 | 01t003 | 01t01.0 >3.0 discharge CHa
3 <01 |>0.1to<L0| 1.0t03.0 Lowttﬁgr‘fnzrlat“re
0.7208||D6
4 <0.1 >1.0 101030 | Thermal <700C m 0.7208
5 <0.1 >1.0 >3.0 Thermal >700C Hz PD/Arcing
I11.  CONDITION INDEX DETERMINATION USING Fuzzy C2H2 D4
LocGic AND DGA

A. Fuzzy Logic Approach [6-7]
Each fuzzy consists of five sets of normal member

functions. This function is used to calculate fuzzy member
values using two Gaussian member function (gauss2mf) as in

Eq. (D).

(=)
f(r,o.c)=e 2 €]
The function set developed for each input is a

combination of ¢ and ¢ parameters, where first function,
=1, specified by o7 and ¢, is used to determine the shape of
the left-most curve; the second function, y=2, specified by
o, and ¢, is used to determine the shape of the right-most
curve. Result of fuzzification from each input is then applied

40

Arcing

Fig. 1. Fuzzy logic flow chart using Key Gas method.

In layer 1, the key gases are matched between C,H, and
C,Hg, CO and CO,, CH; and H,, and C,H, and H,, the
abnormalities can be identified in terms of thermal oil,
thermal cellulose or paper, PD, and arcing, which are
displayed in D1, D2, D3, and D4, respectively. The problem
severity can be observed by the number shown in D1 to D4
according to the range in Table V. The higher number
shows higher severity of individual problem. For example,
D4 presents 0.6734 that can be interpreted that this
transformer encounters arcing problem inside transformer
with a “caution” condition.
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TABLE V. OuTpPUT FUzzY RULES OF KEY GAS METHOD

= = © - T 5 - 5
£ | E%| 78| < |7 | <] §
O
0-30 0-30 0-30 0-30 0-30 0-30
20-55 | 20-55 | 20-55 | 20-55 | 20-55 | 20-55 |Acceptable
45-75 | 45-75 | 45-75 | 45-75 | 45-75 | 45-75 | Caution
75-100 | 75-100 | 75-100 | 75-100 | 75-100 |75-100
TABLE VI. %FI vs CONDITION USING KEY GAS METHOD
Failure index (%FI) Condition Notified Color
0-25 Good
26-50 Acceptable Yellow
51-75 Caution Orange
76-100 Poor g
co
/"ll‘

N N/ \ /N
' D2; Output Thermal Paper
Y \/ \

&:‘ N\

/! A\ LA
'/ D1; Output Thermal Oil
X\
=N = e

\ £\
D4; Output Arcing

N / N
D3; Output PD  /
\ ¥ Vi \
/N X N

X W/ \

AN A .S .

3) PD Variable MF 4) Arcing Variable MF

3 7N
| D1; Thermal Oil

g

’D4; Ar_cing

\ :
. S N

; YA
D6; Output Electrical
A \/ \

AN X AN AN X N

5) Overall Thermal Variable MF 6) Overall Electrical Variable MF

ya) 7 ~ = =3

!
D5; ‘Oulput The(mal

L S G
/NS N/ \ DT:wR
XX L X

7) Thermal/Electrical Problem Variable MF

Fig. 2. Thermal/Electrical Problem Member Graph
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Fig. 3 shows the member graph of each membership
function according to each fuzzy rule of inputs and output
(D1 to D7) by applying Key Gas method. For example, Fig.
3.1 reresents fuzzy rules of inputs and output for thermal oil
problem by comparing gases C,H, and C,Hg. The result of
this rule will be shown in D1.

C. Fuzzy Logic with Dérnenburg Ratio Method for Fault
Identification

The set of fuzzy rules using Dornenburg ratio method in
Table 11, inputs and output were developed as shown in Fig.
3 while Fig. 4 shows the member graph of each membership
function according to each fuzzy rule. There is only one layer
in this method, but it is a comparison of three gas ratios as r1,
r2, r3, and r4 of CH4/H2, CzHg/C2H4, CgHz/CH4 and
C,Hs/C,H,, respectively. According to fuzzy rules, only one
output is given and then the problem such as thermal
decomposition, corona or low intensity PD, and arcing or
high intensity PD can be identified.

The fuzzy model is tested with input ratios r1=2, r2=0.05,
r3=0.006, r4 = 1 from DGA values detected inside the
transformer. Then, the fuzzy output shows “3”, which is
corresponding to “F2” or thermal composition according to
the code interpretation in Table VII.

Ratio_r1

Ratio_r2 Jenanre

Ratio_r3 Doernenburg
Output

Ratio_r4

Fig. 3. Flowchart of Ddrnenburg Ratio method.

a1 2:018 a=hi0h et i1

4 — —., ‘ — —— A |
2 ] i A
1 T . ____] — ]
i - | [ ]
i | A AN
b ] ]
1 ; ] |
b | - |
1 [ \ | \ . ]
o [ [ | _ = AN
1 5 ] |
| [ ] i = | ]
B[ | 5 |
L | = —_ |
| ] A
[ ] = B
[ = = ] = = a—
8 5 ] N A ]
| | ]
v | ] [ | ] ] A |
L | 7 ]
2 =] ] RN — L ]
u [ | ] ] i ]
| ] VA
g = ]

Fig. 4. DO0rnenburg fuzzy rules.

TABLE VII. Fuzzy CoDES, OUTPUT FUNCTION AND FAULT TYPES USING
DORNENBURG RATIO METHOD

Output Code | Output Function Fault Types
1 F1 Normal
3 F2 Thermal composition
5 F3 Thermal composition
7 F4 Low energy electrical discharge
9 F5 High energy electrical discharge
- F6 Out of code
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D. Fuzzy Logic with Rogers Ratio Method for Fault
Identification

The developed set of fuzzy rules relates the inputs to the
output variable for Rogers Ratio method is shown in Fig. 6,
while Fig. 7 shows the member graph of each membership
function according to fuzzy rule of inputs and output.
Similarly, a set of fuzzy rules using Rogers Ratio method in
Table IV, inputs and output were developed as shown in Fig.
5, while Fig. 6 shows the member graph of each membership
function according to each fuzzy rule. There is also one layer
in this method, but it is a comparison of three ratios as R1,
R2, and R3 as C2H2/C2H4, CH4/H2 and CzH4/C2H6 used to
identify five different fault types as low energy density and
arcing PD, arcing high energy discharge, low temperature
thermal, thermal lower than 700°C, and thermal greater than

equal to 87.1 % with poor condition. After back-tracking all
indices of TR3 in Table X, D5=0.83 and D1=0.927 are high
indices. In order to investigate problems inside power using
Key Gas method, together with Do6rnenburg Ratio and
Rogers Ratio method, it can be concluded that TR3
encounters overheat oil with thermal fault temperature more
than 300°C. The problems of other transformers are given in
Table X. The fault identifications by using Key Gas,
Dornenburg Ratio, and Rogers Ratio Method of ten
transformers are concluded in Table XI. In addition, the
maintenance tasks and usage strategies for all transformers
according to theirs condition with %FI are suggested in
Table XII. For TR3, this transformer should be shut down
and performed corrective maintenance.

700°C as mentioned in Table V. TABLE IX. INPUT KEY GASES AND THEIR SCORES
. L . C uantity of Gases (ppm
The fuzzy model is tested with input ratios r1=2, r2=0.05, ase Q (ppm)
-1 14 Condition H, CH, CO CO; | CoHs | CoHs | CoHy
r3=0.006, r4 = 1 from DGA values detected inside the TR1 2 36 214 | 2408 | 16 19 2
transformer. Then, the fuzzy output shows “3”, which is score 1 1 2 3 1 1 2
corresponding to “F2” or thermal fault according to the code TR2 36 79 72 | 1686 | 10 426 | 05
interpretation in Table VIII. score 1 1 1 1 1 1
35 58 91 | 2,362 8 204 0.5
1 1 1 1 1 1
atio_R1
Output = 3= F2 TR4 79 40 502 | 3,323 | 33 22 11.1
score 1 1 2 2 1 1 3
TR5 11 10 232 | 2,608 | 44 19 2
Ao score 1 1 1 2 1 1 2
TR6 31 134 | 151 | 2532 12 15
Fia.5. FI h R Rati hod score 1 2 1 2 1 2
1g. o. ow chart of Rogers Ratio method. TR7 5 85 117 2,129 30 0
,,,,,, = o — score 1 1 1 1 1 1
o | I o /AN TR8 27 0 35 170 | 739 1,224
: : } ! B AN — score 1 1 1 1 4 4 4
o | ; SE——— TR9 70 21 [ 1,094 [ 6,558 16 25
o i A~ score 1 1 3 3 1 2
o 1] ] C A ] TR10 8 169 | 485 [ 9,760 121
,| i N A score 1 2 2
o [N C A ]
o i ]
w | C C A TABLE X. Fuzzy LOGIC RESULTS AND %FI FROM KEY GAS METHOD
’ I eae
: 1 Case| D1 | D2 | D3 | D4 | D5 | D6 | D7 | %FI |Condition
) ) TR1 [0.226[0.509 [0.256 [0.335[0.539| 0.31 [0.583| 58.3 |Acceptable]
Fig. 6. Fuzzy rules Rogers Ratio method TR2 |0.927[0.268]0.313]0.318|0.773]0.291[0.869 | 86.9
0.3250.283 [0.318 |[JBIEEH 0.324
TABLE VIII. Fuzzy Cobpg, OUTPUT FUNCTION AND FAULT TYPE USING TR4 |0.249]0.508]0.311[0.67310.535| 0.72 10.708| 70.8 | Caution
ROGERS RATIO METHOD TR5 |0.264|0.341]0.2240.335|0.316 | 0.31 |0.362| 36.2 [Acceptabld
Output Code | Output Function Fault Type TR6 [0.927[0.336]0.361[0.326[0.773[0.335]0.869| 86.9
1 = Unit normal TR7 [0.927[0.309]0.321[0.315]0.773[0.294]0.869| 86.9
Thermal fault <150°C TR8 | 0.5 [0.162]0.235[0.849[0.516[0.751[0.707 | 70.7
3 F2 Thermal fault 150-300°C TR9 [0.216]0.842] 0.3 [0.345] 0.75 | 0.32 |0.868| 86.8
. o Thermal fault >300°C TR10(0.927[0.6580.405[0.318[0.822[0.357] 0.87 | 87.0
-Thermal fault 300-700°C TABLE XI. FAULT INDENTIFICATION BY KEY GAS, DORNENBURG RATIO
7 F4 L_ow energy electrl_cal dl_scharge ) AND ROGERS RATIO METHOD ’
9 F5 High energy electrical discharge
- F6 Out of code Case. Key Gas Dérnenburg Ratio Rogers Ratio
TR1 |Overheat cellulose| Thermal composition| Thermal fault <150°C
IV. RESULTS AND DISCUSSIONS TR2 | Overheatoil |Thermal composition| Thermal fault >300°C
Table 1X shows DGA results of ten sample transformers s .
relating to different key gases (ppm) with their scores | TR4 |Overheat cellulose| Thermal composition T;eri;f;afajttlégc)l_igogc
justified by using Key Gas method given in Table I. In Table -
X aft lving f logi ith the Kev G thod. th TR5 Normal Normal Unit normal
! al er ?p?l ym.g uzzy. Ogl(}WI € Rey %S.Ime Oh’ e TR6 Overheat oil | Thermal composition| Thermal fault >300°C
gesu ts ot all pairs are_glver) rom D1 to D6 while D7 s OWS TR7 Overheat oil | Thermal composition| Thermal fault >300°C
%FI as percentage failure index of power tranSformer- It is TRg | Overheatoil + |High energy electricall High energy electrical
found that TRs no. 2, 3, 6, 7, 9, and 10 encounter high %FI Arcing in oil discharge discharge
with poor condition. These results were subsequently | TR9 |Overheat cellulose| Thermal composition| Thermal fault <150°C
confirmed by comparing the obtained r_esults with the resul@s TR10 OveLheat oil+ Thern??l Thermal fault <150°C
from Duval triangle technique. The highest %FI of TR3 is aper composition
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TABLE XII. MAINTENANCE TASKS AND USAGE STRATEGIES

CORRESPONDING TO THE CONDITIONS

Condition Maintenance Task and Usage Strategies

Time-based maintenance:

visual inspection, dielectric breakdown voltage test, DGA,
PD measurement

Time-based maintenance:

visual inspection, dielectric breakdown voltage test, DGA,
PD measurement, electrical test (turn ratio, PF, PI)
Condition-based maintenance:

full electrical and insulating oil test, DGA, PD
measurement, shutdown planning for repairing

Shutdown and corrective maintenance:

condition monitoring, root caused analysis, maintenance
setup and execution, re-condition monitoring, usage
decision-making

Good

Acceptable

Caution

Poor

V. CONCLUSION

The fuzzy logic approach can be used to evaluate the
condition of power transformer in term of percentage of
failure index and internal fault determination with the
application of dissolved gas analysis technique considering
Key Gas method, Dornenburg Ratio method, and Rogers
Ratio method. Fuzzy logic with Key Gas approach is used to
calculate %FI and identify problem inside power transformer,
while fuzzy logic with Dérnenburg Ratio and Rogers Ratio
approach is used to confirm the problem. Then, the DGA test
results of ten sample transformers were evaluated by using
this fuzzy logic tool. Then, the accuracy of the obtained
results were verified by comparing them with the results
from Duval triangle technique. The result shows that the
sample transformers are having an internal fault and most of
fault type is thermal fault. Therefore, by using this developed
fuzzy logic tool, the condition and internal problem of power
transformers can be clearly identified. Then, the
recommended maintenance strategy and time interval should
be effectively planned to minimize the catastrophic damage,
which could occur with power transformer and its network.
All proposed techniques are used in practice nowadays.
Furthermore, other techniques should be combined together
to increase the reliability of the analysis.
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Modeling and Analysis for Temporary Over Voltage
of Capacitor Bank for Grid Locations connected a PV
System by using PSCAD

Nattapan Thanomsat
Department Electrical Engineering, Faculty of Engineering, Burapha University
E-mail: nattapan@eng.buu.ac.th

Abstract— This paper introduces modeling and analysis
for Temporary Over Voltage (TOV) of Capacitor Bank for
grid connected a Photovoltaic (PV) system. The only way
to analyze short duration phenomenon in the electric
circuit is to solve the differential equations related to that
system.  In addition, the way PSCAD software is
implemented is to solve a combination of differential
equations, and, therefore, it is possible to see the effects of
fast transients on the system electrical quantities. The
used 22 kV distribution system model is radial network
with fix load. The first simulation, PV system and
Capacitor bank is connected at the low voltage side of
distribution transformer. The second simulation, PV
rooftop system and Capacitor bank is connected at the end
of distribution line. Therefore, this analysis of system has
been simulated using PSCAD/EMTDC for different
phenomenon in this system.

Keywords—Distribution network, PV Rooftop System,
Temporary Overvoltage, PSCAD, CapacitorBank.

l. INTRODUCTION

The integration of photovoltaic (PV) systems into electrical
power grids continues its growing pace unabated. The
technological maturity nowadays accrued by solar panels is
enabling PV systems to rapidly become the preferred pollutant-
free energy source connected at both transmission and
distribution levels [1-4]. It is estimated that, however, most
grid-connected PV systems will be distributed all over the
network, as opposed to having very large PV plants connected
to just a few network buses; in other words, PV systems are
expected to be massively integrated into existing low- and
medium-voltage  networks  [5,6].  Admittedly, the
interconnection of PV-based distributed energy resources
(DER) is bringing about a wide variety of technical challenges
related to the system’s planning and operation, with most of
them currently awaiting solution [4].

The low voltage and high current characteristics of
distribution system leads to high power losses compared to that
of transmission system. About 13% of total power generated is
consumed as power losses at the distribution system [7]. The
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losses produced by reactive components of branch currents can
be reduced by the installation of shunt capacitors. Capacitive
compensation reduces power loss, improves voltage profile of
system, increases the power factor and releases KVA capacity
of distribution equipment for additional load growth [8]. M.
Chakravorty, and D. Das had studied Voltage stability analysis
of radial distribution networks and found that the installation of
shunt capacitors reduces power loss, improves voltage profile
of system, and increases the power factor on distribution
system [9].

On distribution lines with industrial loads, capacitors are
frequently switched by time clock in anticipation of an increase
in load with the beginning of the working day. Common
problems are adjustable-speed drive trips and malfunctions of
other electronically controlled load equipment that occur
without a noticeable blinking of the lights or impact on other,
more conventional loads. That mean, capacitor switching
overvoltage is that the problems appear at nearly the same time
each day. D. V. Coury et al. reported Transient analysis
concerning capacitor bank switching in a distribution system to
discuss the impact of temporary overvoltage on distribution
system [10]. M.A. Chapman et al. studied Switching and fault
caused transients in electric power systems and found that the
temporary overvoltage of capacitor bank switching had
effected distribution system [11].

In all previous studies, possibility of the capacitor bank
switching problem had been studied, also the effects of
temporary overvoltage in grid connected on PV rooftop system
in the case has not been investigated. In this paper, the PV
rooftop system and the temporary overvoltage by capacitor
bank switching on grid connected simulation are simulated and
analyzed. The model system proposed in this paper is
developed in simulation tool, PSCAD/EMTDC. Based on the
simulation results present the voltage and the current during the
transient process with and without PV rooftop system and
Capacitor bank.
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Fig. 1. Modeling distribution network with Capacitor Bank and PV system at the substation by using PSCAD/EMTDC
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Fig. 2. Modeling distribution network with Capacitor Bank and PV system at the end of distribution line by using PSCAD/EMTDC

II. PSCAD/EMTDC MODELING

The distribution system consists of substation with
transformer stepdown from 115kV to 22 kV. The
distribution line contains three pieces of line with
connected load, first line 3 km in length with the load of
200+250 kVA/ph, second line 3 km in length with the load
of 100+150 kVA/ph, and the last 4 km in length with the
load of 300+200 kVA/ph. The Capacitor bank is 0.6
MVAR and the PV system has base on 500 kW. With this
data, the modeling system was operated by using
PSCAD/EMTDC as shown in Fig 1 and 2. Fig. 1 shows the
power flow on the system with Capacitor Bank and PV
system attached to the end of substation. Fig. 2 shows the
power flow on the system with Capacitor Bank and PV
system attached to the end of distribution line.

IIl.  SIMULATION AND RESULTS

. First step, the voltage profile of distribution line has
been to plot without capacitor bank and PV system. The
distribution line are 3 km, 3 km, and 4 km with the load
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each line. The voltage profile of the line will be as drawn
like a blue line in Fig. 3. Second step, the PV system is
operated by closed circuit, the voltage profile of the line
will be as drawn like an orange line in Fig. 3. Third step,
PV system is opened and the capacitor bank is closed, the
voltage profile of the line will be as drawn like a gray line
in Fig. 3. The last, PV system and Capacitor bank are
connected at the end of substation, the voltage profile of the
line will be as drawn like a yellow line in Fig. 3.
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Fig. 3 Distribution line voltage profile with Capacitor Bank
and PV system attached to the end of substation

The result of simulation in Fig.3 shown that the voltage
decreases from the substation by increasing the length and
the load. The PV system and capacitor bank are used to
enhance and compensate node voltages along the distribution
feeders.

Another case, the PV system and Capacitor bank are
connected at the end of distribution line as one by one. The
last. they are connected together. The voltage profile of the
line without PV system and capacitor bank will be as drawn
like a blue line in Fig. 4. The voltage profile of the line
with PV system will be as drawn like an orange line in Fig.
4. The voltage profile of the line with capacitor bank will
be as drawn like a gray line in Fig. 4. And the voltage
profile of the line with both will be as drawn like a yellow
line in Fig. 4.
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Fig. 4 Distribution line voltage profile with Capacitor
Bank and PV system attached to the end of distribution line

The result of simulation in Fig.4 shown that the PV
system and capacitor bank are used to enhance and
compensate voltages at along the end of distribution feeders.
They are useful to increased voltage in distribution and better
than in Fig.3.

Occurrence of a fast transient of switching capacitor bank
can induce a voltage traveling wave, with a magnitude many
times higher than the system rated values. Although they
may last in the order of microseconds, still the impulse
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voltages, better known as the temporary overvoltage (TOV),
caused by the phenomenon are detrimental to personnel and
equipment.

Therefore, the simulation is trying to show the effect of
switching a capacitor bank in the distribution line without
PV system grid connected as shown in Fig. 2. The capacitor
bank of 0.6 MVAR is being switched to point at t = 2.017
sec. The maximum voltage per phase will be 17.8 kV. Fig. 5
shows the capacitor bank switching has pushed the
maximum of the voltage to 22.01 kV, this means a 28.8%
increase.
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Fig.5 AC voltages measured at the end of distribution line,
when capacitor switching.

Other conditions may cause temporary overvoltage.
Recently with rises in PV system integrations, in case of
having minimal loads and a very sunny day, the feeder
prevalent of solar generation may experience dangerous
voltage levels and if capacitor bank is switched, the system is
caused damage. Therefore, the simulation is trying to show
the effect of switching a capacitor bank in the distribution
line with PV system grid connected as shown in Fig. 2. The
capacitor bank of 0.6 MVAR is being switched to pointatt =
2.19 sec. The maximum voltage per phase will be 18.02 kV.
Figure 6 shows the capacitor bank switching has pushed the
maximum of the voltage to 25.76 kV, this means a 42.95%
increase.
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Fig.6 AC voltages measured at the end of distribution line
with PV system grid connected, when capacitor switching.
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IV. CONCLUSION

From simulation and analysis of Temporary Over
Voltage of Capacitor Bank for Grid Locations connected a
PV System by creating a model using PSCAD program, it is
found that Many factors in a distribution system result in
voltage levels that either too far below scheduled voltage
levels. Transmitting current over long distances results in
voltage drops due to losses over lines. Also in many
applications in industry zone, such as inductive machines,
inevitable. The voltage at the end of the feed line will be
greatly reduced compared to the beginning of the line.
Therefore, power users at the end of the line will encounter
problems with insufficient voltage. One basic tool used for
voltage level correction is capacitor banks. During norma
operation, the level of the reactive power in a distribution
system is the main controller of voltage level. This is
because voltage levels are directly proportional to the
reactive power in a grid. So, Voltage regulating capacitor
banks would then be used to compensate this voltage drop.
Another way, the consumers are able to produce electricity
by themselves, such as PV system, and they pay back into
the distribution system, the said effect will disappear and
also helps to increase the voltage stability of the distribution
system. However, the distribution system consists of PV
system and Capacitor bank switching, they can make
happening of a fast transient voltage and can induce a
voltage traveling wave, with a peak voltage many times
higher than the system rated values. Although they may last
in the order of microseconds, still the impulse voltages,
better known as the temporary overvoltages (TOVSs), caused
by the phenomenon are detrimental to operated personnel
and equipment. Therefore, this simulation result is essential
to understand the root causes of TOVs in designing a system
and provide solutions to mitigate possible TOVs.
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ABSTRACT — This paper presents the comparison
between Sinusoidal Pulse Width Modulation
(SPWM) and Space Vector Pulse Width Modulation
(SVPWM) by using motor characteristics of PMSM
motor. The focus is based on the same torque load
and the same motor speed with these modulation
approaches. The results show that THD and the
peak phase voltage from both methods are similar.
These are different from comparison with the same
modulation index.
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l. INTRODUCTION

Permanent magnet synchronous motors (PMSM) are
widely used in many applications such as electric
vehicles, robotics, and washing machines. They have
small sizes, high torque density, low inertia and low
maintenance [1]. PMSMs also have high power factor
because there is no need for magnetizing current and
they are high efficiency due to no rotor copper loss. For
supplying the power to PMSM, three-phase voltage
source inverter (VSI) is mainly used [2]. In Fig.1, the
diagram of two-level VSI circuit is illustrated. VSI
cooperates with the modulation methods of which
construct variable voltages and variable frequency to
PMSM.
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Fig. 1 Three-phase Two-Level VSI
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There are 2 widely used methods with carriers. They
are sinusoidal pulse width modulation (SPWM) and
space vector pulse width modulation (SVPWM).
SPWM is the most widely used method because it is
easy to implement and it is compatible with many
applications [3]. Nevertheless, SVPWM provides better
features. Although SVPWM has complex computation
process, there are several benefits. For examples, the
maximum output voltage of SVPWM at the fundamental
frequency is greater that of SPWM by 15.5% [1-7]. The
switching time of SVPWM is less than that of SPWM
around 30% [4].

The comparison of modulation methods are reported
in several papers [1-4]. Other than the previous
descriptions, SVPWM is claimed that the harmonic
contents of the voltage and current output are less than
those of SPWM [7-8]. These are analyzed on the base
that the modulation index of SPWM and that of
SVPWM are the same. However, most applications of
PMSM are applied to loads. Therefore, for the
reasonable comparison between SPWM and SVPWM,
both methods should be compared on the basis of the
same toque load and the same machine speed. In this
paper, the principles of conventional SPWM and space
vector PWM approaches are described. After that, the
comparative analysis of the response characteristics
between two methods at the same loads and the same
speeds is shown.

Il.  SINUSOIDAL PULSE WIDTH MODULATION

SPWM is stand for “Sinusoidal Pulse Width
Modulation”. It functions to generate sinusoidal signals
in the form of various widths of rectangular pulses. This
modulation method is simple and easy to implement.
The principles of the three-phase SPWM is that the three
sinusoidal reference signals are compared with a
triangular carrier wave. As shown in Fig.2, from phase
A of the VSI, when the sinusoidal wave is greater than
the triangular waveform, the upper switch of phase A
(S1) is turned on and the lower switch of phase A (S4) is
turned off. On the other hand, when the sinusoidal wave
is smaller than the triangular waveform, the lower
switch of phase A (S4) is turned on and the upper switch
of phase A (S1) is turned off.
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Fig. 2 Phase-a sinusoidal wave comparing with
triangular wave

IIl.  SPACE VECTOR PULSE WIDTH MODULATION

SVPWM is a switching scheme, which is produced
from rotating magnetic field concept. The magnetic
vectors from three-phase currents are summed as one
rotating magnetic space vector.  The three-phase
magnetizing current are substituted by three-phase
voltages, as

Vv, =V, sinot
Vp =V, sin(at—120° ) (L)

v, =V, sin(a)t+120°)

Then, these three-phase voltage are converted to three
vectors by multiplied by unit vectors.

V,=v,1
V, =V @)
V, =v.a?
27
where a is unit vector at Zl rad, which is ej? .

3
While all three vectors are combined, the rotating space
vector is derived as,

®3)

This space vector as reference vector (V) rotates at
the speed ®, as shown in Fig 3. The space vector (Vi)
can be broken into 2 vector components, V4 and Vg,
which are perpendicular to each other and also rotate at
speed o, as illustrated in Fig 4.
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Fig. 3 Rotating voltage space vector.
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Fig. 4 Voltage space vector in dg reference frame and
abc reference frame.

From Fig.4, the magnitude of V¢ is given by

- 2 2
Vit | = yVal”+ V| 4)
where —1(Vq ) and 6 is the angle of the rotor
S=tant| 2 9
d

of PMSM.

From Clarke’s and Park’s transformation, any
magnitude in abc reference frame can be converted into
dq reference frame as follow,

cosd cos(@—z—”) cos(9+2—”) X,
Xe)_2 8 3 (5)
Xq| 3

203 [ 0
-sing —sin(@—z—”) —sin(9+—”) X
3 3

After the magnitude and the angle of the space
vector (V) are obtained, the space vector is converted
into 6-switching scheme. The space vector is placed in a
voltage space vector hexagon, as shown in Fig 5.
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Vn is the first active vector in sector n and Vn+1 is
the second active vector in sector n. tn is a switching
time of active vector VVn and tn+1 is a switching time of
active vector Vn+1. From Fig.6, in a switching period
(T), the average voltage of the space vector (Vi) is

defined as
_ it - t i t
‘Vref‘:‘vn"?n-" n+l"n?+l+‘vz"?z ©)
Vs V5 101
001 where V, is a zero vector and the magnitude of V, is

) always zero. tz is switching time of the zero vector.
Fig. 5 Voltage space vector hexagon.

. ) From Fig.6, the voltage equation can be written in a
The hexagon is composed of 6 active vector (V1,  matrix form as,

...., V6) and 2 zero vector (VO and V7). Six active
vectors separate the hexagon into 6 sectors. The 2-zero T
vector are placed at the center of the hexagon. From Fig. _ Tcosa E B Ry
3, active voltage vector V1 has switching pattern as 100. T ‘V of { } =t, -Vr[ }HM . MH‘ (7)
The first digit “1” means the upper switch of phase A 0 sin 42

(S1) is turned on, while the lower switch of phase A

(S4) is turned off. The second digit “0” means the upper

switch of phase B (S3) is turned off, while the lower The magnitude of Vn and Vn+1 is defined as

switch of phase B (S6) is turned on. The third digit “0” ‘\7 ‘ _ ‘\7 ‘ _ EV

means the upper switch of phase C (S5) is turned off, |~ [Fndd] ™ 4% (®)
while the lower switch of phase C (S2) is turned on. For

other voltage vectors, the switching patterns are similar Thereby,

to V1.

T
The space vector (Vi) rotates in the hexagon. At _ Tcosa 2 T1 oS3 )
time t, the angle of the space vector refers to a-axis is 6, ’Vref ‘ =t 3 Va- 0 3 Ve
which is express as

' sina

wIinN

sina T
sin =
3

0, =0+5 ©)

At time t, the space vector (V) can be at any sector when 0° < o, <60°
1 to sector 6. The number of the sector and the number
of active vectors are determined by 6;. If 6 is between The switching time of active vectors Vn and Vn+1
0" and 60’, the space vector is in sector 1 and active can be expressed as
vectors are V1 and V2. If 6, is between 60° and 120°,
the space vector is in sector 2 and active vectors are V2 t =mTsin ( T aj
and V3. If 6, is between 120 and 180, the space vector n
is in sector 3 and active vectors are V3 and V4. For
other sectors, the active vectors and the number of the
sector also can be found similar to this.

(10)

t,, =mTsina

where m is a modulation index, which is given by

The times of each active vectors of a sector depend ‘\7 ‘
on the angle o, as represented in Fig 6. m= ﬁi (11)
Vy

\

From equation (6), the switching time of zero vector
is shown as follow

12
t =T—(t +t.,) (12)

and t,=t, = L whentoand 7 is switching time
2
of zero vectors VO and V7 consecutively.

Fig. 6 Voltage space vector and adjacent active vectors.
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IV. SIMULATION AND RESULTS

The model of PMSM motor is created in
MATLAB/Simulink to obtain the motor characteristics.
The motor parameters in the simulation program are

Armature resistance 0.8 Q/phase

Synchronous inductance 3.12 mH/phase

Pole pair 4

Back EMF constant 0.417 V/rad/s

The results of simulation are expressed in Fig. 7 to
Fig. 10. Fig.7 shows the speed, torque, and phase
current from SPWM by using modulation index (MI) at
0.68. Fig.8 illustrates the phase voltage and FFT
analysis from SPWM at M1 0.68 and THD is obtained at
121.65%
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Fig. 7 Motor characteristics from SPWM at Mi 0.68.
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40

20

-20

phase Voltage (V)

. . . . . . : r r .
0.78 0785 0.79 0.795 0.8 0.805 0.81 0.815 0.82 0.825
time (s)

20T

151

10|

Von (V)

Il J[ 'S L & & o g

Tablel present the motor torque, the peak voltage at the
fundamental frequency and THD for 2 modulation
indexes, 0.68 and 0.73.

SVPWM, Mi = 0.68
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Fig. 9 Motor characteristics from SVPWM at Mi 0.68.
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Fig. 10 Phase voltage and FFT analysis from SVPWM
at Mi 0.68.

Table 1 Comparison motor characteristic between
SPWM and SVPWM at the same modulation indexes.

Modulation SPWM SVPWM
Mi Torque (Nm) 0.95 491
0.68 Peak phase voltage (V) 14.78 19.87
) THD (%) 121.65 92.09
Mi Torque (Nm) 1.17 5.97
073 Peak phase voltage (V) 15.43 20.90
) THD (%) 114.21 87.04

1

15

frequency (Hz)

2

25
x 10*

Fig. 8 Phase voltage and FFT analysis from SPWM at
Mi 0.68.

To compare between SPWM and SVPWM
modulation, the simulation from SVPWM are retrieved.
The speed, torque, and phase current from SVPWM at
M1 0.68 are illustrated in Fig.9. Fig.10 present the phase
voltage and the FFT analysis from SVPWM at Ml 0.68,
of which THD is 92.09%.

To conclude and add more information about the
motor characteristic at the same modulation index,

It can be seen that THD from SVPWM are less than
those from SVPWM by 30%. This shows the similar
results as [3, 5]. From Table 1, torques from SVPWM
are higher than those from SPWM by 80%. It is implied
that if toques from SVPWM are higher than those from
SPWM, the phase current and phase voltage from
SVPWM are higher than those from SPWM. In general,
to compare the performance of the motor, it is usually
compared with the same motor torque and the same
motor speed. Therefore, the motor characteristics from
both modulations should also be compared with the
same torque and the same speed.
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Fig. 11(a) and (b) show the motor speed, torque, and
phase current at the same torque at 4 Nm, and the same
speed at 300 rpm, from SPWM and SVPWM,
consecutively. The modulation index from SPWM is
0.8688 and that from SVPWM is 0.6393. It is clear that
when using the same torque and the same motor speed,
the modulation indexes from both modulation are
different.

Fig. 12 (a) and (b) present the FFT analysis and the
phase voltage from SPWM and SVPWM, successively.
THD of the phase voltage from SPWM is 0.9990 and
that from SVPWM is 1.0666. Two values are near
though the THD from SVPWM is more than that from
SPWM by 6.76%. The peak phase voltage at the
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fundamental frequency is also close, yet that from
SPWM s slightly higher than that from SVPWM, as
show in Table2.

Table 2 Comparison of motor characteristic from
SPWM and SVPWM at the same torque and the same

speed.
Modulation SPWM SVPWM

4 Modulation index 0.87 0.64
Nm Peak phase voltage (V) 18.40 18.00
THD (%) 1.00 1.02

3 Modulation index 0.81 0.59
Nm Peak phase voltage (V) 17.43 17.19
THD (%) 1.05 1.07

SVPWM, Torque 4 Nm
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Fig. 11 Motor characteristics at Torque 4 Nm (a) SPWM (b) SVPWM.
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Fig. 12 Phase voltage and FFT analysis at Torque 4 Nm (a) SPWM (b) SVPWM.

V. CONCLUSION

The simulation results of SPWM and SVPWM, which is
carried out in MATLAB/Simulink, are shown. The
motor characteristics, FFT analysis and THD, of both
modulation approaches in the same modulation index and
in the same motor torque are represented. Although the
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results from the same modulation index shows that THD
from SVPWM is approximately 30% less than that from
SPWM, the motor torque from SVPWM is greater than
that from SPWM by 80%. On the other hand, the results
from the same torque reveals that THD from SPWM is
similar to that from SVPWM and the peak values of the
phase voltage at the fundamental frequency from SPWM
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is slightly higher than that from SVPWM. Hence the
conclusion, that the SVPWM is better than the SPWM, is
only true when the modulation index is equal. However,
when using the same torque, it cannot be concluded like
that.
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Abstract— The average small-signal analysis, and design of an
isolated flyback-based distributed power supply based on power
balance control technique is presented in this paper. The
proposed procedure is simple and effective. The output voltage
has good transient responses. The control circuit is simple and
can be implemented by analog circuit.

Keywords— DC power supply; Converter control; Modeling;
Simulation; Power balance control technique

I. INTRODUCTION

The connection structure of converters can be designed in a
variety of connections, from 5 basic connections: Paralleling,
Cascading, Source splitting, Load splitting, and Stacking.
Which, when connecting the structures together, can conclude
that all the structures can be connected to 9 structures which
can be utilized in various situations. Form the following
structure constructions, which are (1) Source splitting, (2)
Source splitting and stacking output, (3) Source stacking, (4)
Source stacking and paralleling output, (5) Source stacking and
stacking output, (6) Source paralleling, (7) Source paralleling
and paralleling output, (8) Source paralleling and stacking
output, and (9) Cascading. When analyzed by connecting with
2 modules by using DC-DC Converters, can have many of
connection patterns which have difference advantages,
disadvantages, including limitations and solutions. Therefore,
this analytical study can be used for a variety of converter
extension formats up to infinity structures. This research will
give examples of analysis, design and simulation of the
connection structures in case of problems which are 2 boost
converter circuits (a) stacking input and stacking output, and
(b) Stacking input and paralleling output.

The desired converters should be small and have high
power density, high efficiency, good responsiveness, and good
robustness. High responsiveness and high robustness are
required for the control systems of switching converters.
Voltage Mode Control (VMC) and Current Mode Control
(CMC) are the most basic control system of switching
converters. However, it is difficult to improve the performance
of boost-type DC-DC converters significantly using only this
technology. This is because in boost-type DC-DC converters,
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the ON and OFF circuit states are different. As a result, the
transfer function of any boost-type DC-DC converter includes
an unstable zero (right half plane zero). Therefore, control
systems based on boost-type DC-DC converters cannot set the
gain-crossover frequency due to the presence of this unstable
zero. Which, on the other hand, control of switching converter
using sliding mode control (SMC) has been studied [1, 2].
Sliding mode control has high robustness and is resistant to
influences by plant fluctuations. However, the control system
has a problem that it is very complicated compared with VMC
and CMC.

The control system design of the proposed system in this
research begins with the analysis of the state-space average
small-signal model of the system and simulates the model of
the system in MATLAB Simulink Software. Then control the
system using the Power Balance Control Technique method,
which is simple in designing and resolving various limitations
of the Voltage Mode Control and Current Mode Control. As a
result, the performance of the control system can be greatly
improved. Furthermore, the implementation is also very
simple.

Fig. 1. shows the Boost converter circuit connection
structures in case of problems. The analysis of the operation of
the circuit can be done by considering the operation from the
switching state in each period of time in which the system is
operating in a stable state.

For Fig.1 (a), while in the state that the switch is in ON
state (b). the current flows through both inductors and output
capacitors instead of just flows through the inductors, which is
incompatible with the converter operation. The current
equation on the output side can be written as follows

Iy =lco Hli, — g

(1)

When the switch is in OFF state, the circuit has the current
loop of i, which produces loss and is incompatible with the
converter operation. The current equation on the output side
can be written as follows

Iy =lgy +1

(2)

load
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Fig. 1. The connection structures in case of problems, which are 2 boost converter circuits (a) stacking input and stacking output, (b) in ON state, (c) in OFF state.
(d) Stacking input and paralleling output, (e) in ON state, (f) in OFF state.

iDl = i(:1 + icz (3)
For fig.1 (d), while in the state that the switch is in ON state
(e). the current does not flow through inductor i,_2 and only

stored in i|_3- And when the switch is in OFF state (f), the
current on the output side also flows through iL2 instead of

just i and i, . which is incompatible with the converter

operation. The current equation on the output side can be
written as follows

1ot oa (4)

e

Il. THE PROPOSED SYSTEM

The solution to the problem in the stacking input
connection structure of boost converters can be solved by
separating the circuit between the input and output side from
electrically interconnected by using transformers to separate
the circuits as follows. The purpose of a transformer is to
transfer energy from the input winding to the output winding
through electromagnetic induction. The minimal number of

primary winding turns can be found from follows equation.

ﬂ“m
Bm
Where, /Im is maximum value of the flux linkage which

should be calculated at maximum duty cycle given as
A, :VpdTS (6)

Where, A, is the core cross section area, B

N

p

(5)

n IS the

saturation flux density of the core material, d is duty cycle,
T, is the switching period
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The Power Balance Control technique for the proposed
system is shown in Fig.2 (d). It shows a simple control block

diagram which can be easily implemented by analog circuits.
The proposed control technique consists of a proportional-plus-
integral controller and inductor current calculator. The inductor
current calculator computes the desired input current. The
output voltage is measured and compared to the reference
voltage. The voltage error is injected into and appropriate
voltage controller. The summation signal is multiplied by a
signal of rectified input voltage and compared to the input
inductor current signal. The resulting signal is processed by a
suitable hysteresis current control, generating signal to control
the switch.

A. Average Small Signal Analysis

The analytical model derivation is based on the power stage
schematic shown in Fig. 2 is based on a power balance control
where the ideal switches and zero equivalent series resistance
in the capacitors are assumed.

For Fig.2 (a),
N M
I '%Vini = lioad '%Vq (7)
i= i=
For Fig.2 (b) and (c),
N M
I ‘Zivini =V, Zl IIoadi (8)
i= i=
For Fig.2 (d),
N M
Vin'ZiILi =Vo‘Zi|I0adi (9)
i= i=

When,V,, is the DC input voltage, |, is the inductor current,
V, is the output voltage, V. is the capacitor voltage, 1,4 is

the load current, N is number of converters in the system.
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Fig. 2. The circuit used to solve the problems of the stacking input connection structure of boost converters, which are (a) stacked output flyback converter with 1
transformer, (b) paralleled output flyback converter with 1 transformer, (c) paralleled output flyback converter with 2 transformers, (d) paralleled 2 module
flyback converters with paralleling output. With Power balance control technique.

Applying the perturbations in (7) to (11) and performing the
small-signal approximation. Therefore, the output voltage can
be expressed as follows

The peak value of the inductor current is
(10)

fLi is the value of the inductor current, fLrefi is peak value of

Irer; =1 + R

. . . For Fig.2 (a),
the inductor reference current, |, is correcting signal of PI N
controller. v Gur 'Zvini
The dynamic equation of the output voltage is \7—0 = v 1= N (12)
N av, et C(S)-Y Ve +kpGir - D Vi
_Ziloizlozcod_to"_lload (11) i=1 . VR i=1 i
i=
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For Fig.2 (b) and (c), When, Ky, is the feedback gain, Gz(s) is Pl controller, k,
Gyr %\Zn is the gain of controller, @, is the location of the zero.
\/ 1
Mo _ i=1 (13) It is convenient to use the loop gain for analyzing the
Vet V.C(S)+K Gy _%\7 stability of the closed-loop system. The frequency response
0 fo=VR il analysis is used to describe the stability of the proposed system.
For Fig.2 (d) The design of the output voltage control loop must guarantee
g- ’ _ the stability and provide enough bandwidth in all the possible
U _ GurVin, (1) operation conditions of the system.
Vet 7.C(S)+ kG - SV

oCS) +knGur ,é ini I1l. SIMULATION RESULTS

That is, the output voltage of the converters is independent of The simulation results of the proposed systems are shown

variations in the load current. The voltage regulator G,z must  in Fig. 3 to Fig. 8 The transient respond effectiveness of the
be chosen so as to minimize the influence of the audio  SyStems are examined by computer simulation in MATLAB

susceptibility and the output impedance, while the steady-state ~ Imulink using the specification shown in the table 1. The
error of the output voltage should also be small as possible. proposed of this simulation is to verify the control algorithms,

The PI controller is chosen for voltage reaulation is design the controller parameters, and study the static and
gereg dynamic performance of the proposed system.

ko (S+0z)
__p z
Gyr () — (15)
Table I. Design results
Value
Parameter The paralleled output The stacked output The paralleled output The paralleled 2 module
flyback converter with 1 flyback converter with 1 flyback converter with 2 flyback converters with
transformer transformer transformers paralleling output
Transformer magnetizing inductance 31 puH 62 uH 13 pH 31 pH
Transformer turns ratio 1:2:2 1:2:2 1:2,1:2 1:2:2,1:2:2
Output capacitance, Co 96 puF 48 uF, 48 uF 232 pF 384 puF
Output voltage ripple, AW/ 1% 1% 1% 1%
Input voltage, Vi 12V 12V 12V 12V
Switching frequency 25 kHz 25 kHz 25 kHz 25 kHz
Total output power 72W 72W 2W 288 W
Output voltage 30V 60 V 30V 30V
Al AV, =1.6V A At, =5ms
load load < » - .
2.4A - 2.4A) ] io[Al io[A]
> > 5.8A 5.8A
A% N VoV /T
30v b ] 30V 4
AV, =1.6V
26V At =5ms 26V
_> L L L L L L > L L L L L L _> . " " "
OA = 7div. i, 500mA/div., O™ V.V /div.,i,;500mA/div., O° io; L5A/div., 0A io; L5A/div.,
Time; 2ms/ div. Time; 2ms / div. Time; 2ms / div. Time; 2ms / div.
iLlfzmx [A] iLlfzmX [A]
38.8A 38.8A_ .
0A : S 0 S .
i, ,;10A/ div,, i ,;10A/div., i, 5;10A/div., i 5, 10A/div.,
Time; 2ms / div. Time; 2ms / div. Time; 2ms / div. Time; 2ms / div.

Fig. 3. Transient condition of (b) the paralleled output flyback converter with 1 transformer. At step load change from 100% to 50% and vice versa (parameter of
PI controller kp =13and @, =7000).
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Fig. 4. Transient condition of (a) the stacked output flyback converter with 1 transformer. At step load change from 100% to 50% and vice versa (parameter of Pl

controller kp =13and @, =7000).
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Fig. 5. Transient condition of (c) the paralleled output flyback converter with 2 transformers. At step load change from 100% to 50% and vice versa (parameter of
PI controller k’J =13and @, =7000).
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Fig. 6. Representative Bode plots of (d) the paralleled 2 module flyback converters with paralleling output.
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Fig. 8. Transient condition of (d) the paralleled 2 module flyback converters with paralleling output. At step load change from 100% to 50% and vice versa

(parameter of P1 controller K p =13 and @, =7000).

IV. CONCLUSION

The average small-signal analysis, and design of an [3] V. Chunkag and U. Kamnarn, "Parallelling three-phase AC to DC

converter using CUK rectifier modules based on power balance

isolated flyback-based diStri_bUtEd power supply baS_Ed on control technique,” in IET Power Electronics, vol. 3, no. 4, pp. 511-
power balance control technique has been presented in this 524, July 2010.
paper. The main advantages are to troubleshoot the proposed [4] A. Hassanzadeh, M. Monfared, S. Golestan and R. Dowlatabadi,
system problems, limitations, and improve dynamic "Small signal averaged model of DC choppers for control studies,”
response. The proposed procedure of analysis is simple and Proceedings of the 2011 International Conference on Electrical
effective to derive the system models, including the inductor - Engc';neer'”g and '"fzrr:at'lc(s' ia?:“r‘g' 2A°1i'h PP i’:' Sindle.st
_ai . Gangavarapu and A. K. Rathore, " ree-Phase Single-Stage
Cur:jerl]t fkiﬁp ar;;j VOIItagel IOdOpf It:]ekaveraget SPSII.SIQU al Isolated Flyback-based PFC Converter with Leakage Energy
model ot the voltage loop leads to the Key point oT designing Recovery Clamping circuit," in IEEE Transactions on Transportation
the inductor current compensator. The input current of the Electrification.

converter module was controlled by the hysteresis control
circuit. According to the results obtained, the output voltage
is regulated to have good transient responses by the designed
Pl controller with power balance control technique, the
purposed system provides good inductor current sharing
among the converter modules and the control circuit is
simple and can be implemented by analog circuit.
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Abstract— In this research has proposed the designing
elements of hybrid system in order to transfer electrical power
effectively to an AC load from the renewable energy sources and
analysis with improved the result of transmission power, which
the researcher had studied the photovoltaic (PV) system, fuel cell
stack, models of DC to DC converter (Step up) and internal
controller, models of the DC to AC converter and control system
and design of a LC filter. The energy sources of this paper have
used PV and fuel cells, while the step up converter (Boost
converter), It has responsibility for increasing the voltage to the
inverter system in order that convert the DC to AC current and
adjust the voltage at modulation index value, after that will adapt
the signal on LC filter for transferring that power to the AC load.
The above has been presented and analyzed in this paper from
the MATLAB/Simulink Program, which shown this hybrid
system could efficiently transfer power as requirements of the
load. Moreover, this paper can also use as a model for creating
renewable systems by using power electronic devices and the
future can expand this system to a larger for responding as load
demand
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Siddaraj Uppin
Department of Electrical and Electronics Engineering
Manipal Institute of Technology
Karnataka India
Siddaraj.u@manipal.edu

. INTRODUCTION

Electrical energy is an important factor in the being of
humans and living organisms, but most electricity sources or
power plants are using oil, petroleum, fuel, and coal to produce
electricity, which in the future that must have a chance to
disappear because those fuels has limited energy [1-3].
Therefore, need search a new existing energy sources or
renewable energy sources, the PV and fuel cells are another
alternative energy that has been introduced because those
sources are renewable and clean energy without pollution
[4,5].But the transmission system needs to add power
converters or conversion systems and filter circuit for
transmitting that power to an AC load. In this paper, using
power converters because that converter can adjust voltages as
load required and able to connect very well with both the PV
and fuel cells. All of the power converters within the hybrid
system consisted of two DC to DC converters and a DC to AC
converter (inverter). Moreover, that hybrid system has the
internal controllers and LC filter, which in this paper has
studied the design principles and work theories with the
objectives as follows:

&

PV panels

Boost Converter
(Step Up)

DC to AC Inverter

Boost Converter

(Step Up)

Fuel cell Generator

Fig. 1. Main block diagram of the hybrid system
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e To use efficiently energy from photovoltaic (PV) and
fuel cells

e To designs of the circuit and control system within a
hybrid system

e Transfer the electric power effectively

e Quality and continuity of energy product.

e Analysis and improved the transmission power of a
hybrid system for sending energy to the AC

Il.  THE PROPOSED DESIGN FOR MODELING THE HYBRID

SYSTEM

The main block diagram of the proposed hybrid system
features the PV panel, fuel cell stack, DC to DC converter
(Step up) for a PV system, DC to DC converter (Step up) for
fuel cell stack and DC to AC inverter with three-phase load is
presented in Fig. 1. The elements in the block are connected by
having the both systems (PV and fuel cells) are energy sources
for sending voltage to the DC to DC converter. And then that
converter will increase the electrical voltage in transmitting the
energy to the DC to AC inverter system in order to convert the
DC current to AC current which then transferring to AC load
through an LC filter circuit within the inverter system. Which
will present all of design theory for modeling the hybrid system
as these topics below.

I1l.  PHOTOVOLTAIC (PV) SYSTEM

The main parameters are used to describe PV capability
consisting of the short-circuit current density (/sc) and the open
circuit voltage (Yoc). Which the short circuit will happen when
the both terminals are directly connected with each other be the
cause of the current is maximum and the voltage is zero [6,7].
For the terminal cases are not connected to load, the voltage in
PV will be increased to maximum voltage, but there will be no
flowing current which is called “open circuit voltage”. The
equivalent circuit of a typical PV is shown in the Fig. 2, by the
shunt resistance (Bsn) is responsible to take the leakage current
to the ground when the diode is in reverse biased, the series
resistance (K<) will take to consider the voltage drops and
internal losses due to the flow of current. That can into account
different PV properties from these equations below (1-2).

It
NN "

Fig. 2. Equivalent circuit of a typical PV
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I=Ipn— Ip—Is (1)
I= Ipn— Lo (exp T — 1) — Yo .
where
Isn = Shunt current (A)
I orl = Output current (A)
Iph = Photocurrent (A)
Ip = Diode Current (A)
Lsat = Diode reverses saturation current
(A)
VLorV, = Output Voltage (V)
R = Series resistance
Rsn = Shunt resistance
(Representing leakage currents)
k = Boltzmann constant,
1.3865 x 10723 /K
q = Charge on electron,
1.6021 x 1071 C
Ny = Number of cells in series
n = Diode ideality factor
Teen = Solar panel temperature
Vr = thermal voltage equivalent
(At 25°C, V= 0.0259 V)
Ise = Short Circuit Current
Voc = Open Circuit Voltage

In order to a higher power can be obtained by making series
and parallel of PV connection. The series connection is done to
increase the output voltage such as PV connection, the
individual panel voltages will add together, but the amperage
must be limited to the value of the lower panel in the series
string as shown in Fig. (3). The parallel connection has
objective as same as series connection, but will change from
increasing voltage to current as in case parallel PV connection
the amperages are combined, while the voltage will adjust to
the lowest value of connection [11,12] as shown in Fig. (4). In
this research had the series connection 14 points and parallel
connection 15 points for getting the electric real power to be 50
kW, by the parameters of a PV are 250.263W, 29.9V and
8.37A
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I N
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Fig. 3. 1-V characteristic of series PV connection

Fig. 4.

I-V characteristic of parallel PV connection

IV. FUEL CELL STACK

Before you begin to format your paper, first write and
save the content as a separate text file. Keep your text and
graphic files separate until after the text has been formatted A
fuel cell is a device that generates electricity by reacting
between hydrogen and oxygen (obtained from air) which has
three main working principles to create the chemical reaction.
First, the oxygen enters the cathode layer, while hydrogen is
fed to the anode of electrons for becoming to a positive
charge. Second, the electrolyte will be transferring ionized
hydrogen atoms from the anode to the cathode. Third the
oxygen will combine with electrons for returning the ionized
hydrogen atoms [13]. Moreover, the chemical reactions inside
the fuel cell are as follows:

H, + % 0, — H,0 + electrical energy + heat 3)

Typically, the fuel cell output voltage Veell is defined by Ref

Vet = E = Vet = Vorm — Veone

(4)

E is the Nernst voltage in terms of gas molarities, Vact is the
over-voltage due to activation resistance and the ohmic over

voltage is called Vorm, Besides, Veconc is the concentration
over voltage. For the fuel cell parameters of this research are
625V and 50kW.
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V. MOoDELS oF DC 1o DC CONVERTER (STEP UP) AND
INTERNAL CONTROLLER

A boost converter is a DC-DC converter that provides an
output voltage greater than the source voltage. The circuit
diagram of a boost converter is shown in Fig. (5). The output
voltage of the boost converter depends on the duty cycle for
controlling the switch. Thus, the duty cycle (D) of this
converter can be calculated using equation (5). Where V;,, and
7, are the input and output voltages of the converter. The
output power of the converter is equal to input power in
equations (6.1-6.2), which the design of inductor and capacitor
values within boost converter is calculated using as equations
(7) and (8)

Vin
D=1 Vo (5)
vz

F=R,= Fo (6.1)
=R, =1% (62)

_ VD
f5AlLL ©)

IgD
T fAV, (8)

Where fs is the switching frequency and Alr is the input
current ripple. Current ripple factor is the ratio between input
current ripple and output current. In good estimate of inductor
value in current ripple factor should bound within 30% and
AVois the output voltage ripple which is usually considered as
5% of output voltage which yields as shown in the below
equations (9) and (10).

Aly,
— =03
o ©)
AVg
— =0.05
Vo (10)

In the practical case of boost converter, we can design the
series resistance with an inductor value (Ri)and series

resistance with a capacitor value (Re) are calculated using the
equations (11), (12) and (13).

I _ Vol |, Al
LMAX ™ vi 2 (1)
AV

= €

I, MaAx (]_2)
_ (¥in 1
VO o (l—D) (1+ L \2)
R(1-D) (13)
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Fig. 5. Practical circuit of a Boost Converter

A. Design of Boost converter for PV system

The design of boost converter, we must know the Initial
voltage of PV system. In this case the base PV voltage is
418.6V which needs to increase the voltage to 800V because
of this case the inverter system will be converting the DC to
AC current that has the output voltage provides AC load is
around 400V.By designing the boost converter system can
calculate from equations (6)-(13). So, all of parameters within
this boost converter for PV system are shown in table 1.

)
fempea©) PV panels | ¢

Rlosd

Lo AMf——T

1 PV) Lrv

MPPT(P&O)

controller

Fig. 6. A boost converter circuit of PV source within hybrid system

TABLE 1.
(PV) SYSTEM

PARAMETERS OF THE BOOST CONVERTER FOR SOLAR CELLS

Duty cycle of the control D 0.477 or 47.7%
switch.

Input Voltage Vin 418.6 V
Output Voltage Vo 800 V
Output Power B, 50 kW
Input Power B, 50 kW
Output Current. Iy 62.5A
Input current ripple. Al 18.75 A
Switching Frequency f 10 kHz
Inductor value of the L 1.0649e3 H
Boost.

Capacitor value of the C 74.53125e ¢ F
Boost.

Output voltage ripple AV, 40V
Load resistance. R 12.8 ohm
Resistance capacitor. R, 0.3105 ohm
Resistance inductor. R, 0.0018 ohm

B. MPPT Controller of Boost Con

The MPPT method is an automation controller that finds
the current maximum power point (IMPP) or voltage
maximum power point (VMPP), by working to extract the
maximum output power (MPP) of irradiance and temperature.
Moreover, most widely used MPPT algorithms, they are 1.
Perturb and Observe (P&O) 2. Incremental Conductance (IC)
[14,15]. In this case we chose P&O because is a detector the
operation point of increased power direction, by sensing
voltage or current within PV panel. Therefore, if the power
expands according the voltage, that power is sensed again until
zero, which has the working principle flow chart of P&O and
the input values are 50kW, 418.6V and duty cycle is 47.7%.
According in Fig 7.

Fig. 7. Working Principle flow chart direction of Perturb and Observe (P&O)
in MATLAB simulink program

C. Designs of boost converter and control system for fuel cell

The designing principle of this boost converter is similar
as the PV system, but in this case the control system will be
changed to a closed loop control system that can design a
controller to generate duty cycle correction such that the
output voltage is maintained constant. In this regard, we can
be written the transfer function in terms of the converter
parameter [16] as equation (14). Wherewith, the fuel cell can
produce the input voltage is 625 V, the switching frequency is
25 kHz, the output values are Yo = 800V and
F, = Bn = 50KW_ Therefore, all of these parameters in the
boost converter can be calculated from equations 1-10 as same
as the PV system by having those parameter shows in table 1.

Pols) _ _(1-D).Vo—(Ll)s
d(s)  (LC)s+Es+(1-D)?

(14)
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Fig. 8. A boost converter circuit of fuel cell source within hybrid system

TABLE Il
SYSTEM

PARAMETERS OF THE BOOST CONVERTER FOR FUEL CELLS

Duty cycle of the control D 0.22 or 22%
switch.

Input Voltage Vin 625V
Output Voltage Vo 800 V
Output Current. I, 62.5A
Output Power 2 50 kW
Input Power B 50 kW
Input current ripple. Al 18.75 A
Inductor value of the Boost. L 293.33e"° H
Output voltage ripple AV, 40V
Switching Frequency fs 25 kHz
Output voltage ripple AV, 40V
Capacitor value of the C 13.75e"° F
Boost.

Load resistance. R 12.8 ohm
Output current maximum It max 89.375 A
Resistance capacitor. R, 0.4475 ohm
Resistance inductor. Ry 0.0016 ohm

VI. MOoDELS oF DC To AC CONVERTER AND CONTROL
SYSTEM

The DC to AC converter is used to convert the DC

voltage into a constant AC supply at constant frequency. But
the converting current of inverter need to have the controller
or control system for transmitting the voltage. In this research
used the two-level space vector pulse width modulation
(SVPWM) to be a generator for sending the control signal to
three- phase inverter. According in Fig 10. The working
principle of the SVPWM s a special switching sequence of
the upper three power transistors of a three-phase power
inverter which generate less harmonic distortion in the output
voltages and currents applied to the phases of an AC motor
[17].
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VIl. DESIGN OF LC FILTER

The designing LC filter, we must know the maximum
voltage (v,,) in order to calculate the value of this filter, due to
the voltage from that inverter is an unstable output voltage.
So, it is necessary to add on a filter circuit in the system for
preventing harmonic distortion enter the electrical system by
using this parallel capacitance and series inductance as shown
in Fig 9 and 10, thus reducing costs and losses compared with
L filter [18]. The selection of the inductance (L) and
capacitance (C) in a filter can be calculated from these
equations.

Vi = “'(r"ms\l,E (15)

0.03V,y,
L=< 2nflymax (16)

1
fc < 10 fsw (17)
1
T (2mfe)2L (18)
_ _LCFilter __
T
V,

|
| |
max | c | Vims
| |
| |

Fig. 9. LC filter circuit

Where Ij,ax IS the maximum RMS value of the load
current, the frequency of the output voltage is ‘f*. So, f5, is
the switching frequency of inverters and f.is the cutoff
frequency. Moreover, these parameters of that filter can
calculate from equations (15) -(18), which had shown in table
1l.
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Fig. 10. Model of the DC to AC converter and LC filter with three-phase load

TABLE Il PARAMETERS OF A LC FILTER CIRCUIT

Maximum Voltage Voo 537.4V
Root mean square Voltage Vims 380 V
Frequency of the output f 50 Hz
voltage

L Filter L 2.2518e % H
Cut-off frequency itz 200 Hz
Switching frequency fow 2000 Hz
C Filter C 0.0113 F
Maximum RMS value of the I max 75.97 A

load current

VIl. SIMULATION RESULT

The proposed model of the hybrid system has been
implemented in Matlab/Simulink program. In order to
evaluate the energy transmission performance, the first
simulation of that system is achieved by transmitting voltage
through the boost converter from PV system, under varying
the radiance of 600-1000 W/m2 at 5 s to the inverter system as
shown in Fig. 11 and 12. The second scenario is the voltage
sending values of a boost converter from fuel cell with a
constant energy to point connection of the PV system for
supporting voltage transfer to the AC load as shown in Fig. 13
and 14. Moreover, the duty cycle signals of both control
systems are plotted in Fig. 15 and 16, for those graphs above
mentioned the switching signal had different signal because of
the PV system could produce voltage is 425V, but the based
voltage of fuel cells is 625V, therefore, was used different
duty cycle values. In the third section, the voltage of AC load
had shown in Fig. 17, which that AC voltage (phase to phase)
is less than the input voltage of an inverter system due to the
inverter controller used the modulation index value only just
40% for transmitting the voltage as the load requires. Finally,
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the test of the hybrid system has been carried out. In this
manner, Fig. 18 shows the output powers of that system or
load power (P-load), which the testing was started by the AC
load is 10 kW and then that increases the load demand from
10 kW to 20, 30, 40, and 50 kW, respectively. From the
experimental result of the power transmission, it was found
that the system design was able to transmit the electrical
voltage at the requirements of 10kW, 20 kW and 30 kW.
However, when the requirement was over 30 kW the system
could not transmit the electric power as requested.lt was
necessary to increase the capacitor in LC filter circuit or adjust
the modulation index value of an inverter system. In this
research, there was the addition of capacitor in the LC filter
circuit from 0.0113 to 0.0125F. This resulted in the ability to
transmit the electric power as requested. According in Fig. 19,
but the electric voltage in transmission would slightly increase
as the electric power increased.
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Fig. 11. Sunlight Irradiance
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Fig. 12. Output voltage of boost converter from PV system
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Fig. 13. Voltage of fuel cell generator Fig. 16. Control signal from MPPT (P&O) within boost converter
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VIIl. CONCLUSIONS

In this research, a design of that hybrid system has been
designed and performed. It has been understood that the
proposed system design with connections of PV and fuel cell
systems for transmitting energy to the load is working very
well due to could transfer power at voltage frequency constant
and improving the problem as load requirement. Moreover,
also analyzed the working principle of this system, which
started with using both PV and fuel cell systems to be the
source energy and then send that energy on an AC load, but
need to increase voltages from the boost converter, convert
current with an inverter and adjust signal by the LC filter
circuit for imparting to the load as shown the fully element of
that system in Fig. 20. In the future can bring this paper for
applying with electrical grid or expand this system at larger
loads
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Fig. 20. Model of the element hybrid system circuit
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Abstract—This paper provides an analytical treatment to
address the unconventional design scenario facing by RF
engineers on state-of-the-art wireless communication circuits and
systems of which electromagnetic wave media are becoming
increasingly lossy yielding a complex characteristic impedance.
Based upon the power analysis using a phasor representation, the
complex characteristic impedance is attributed to an imbalance
of electric and magnetic fields in a wave medium caused by the
medium loss that results in the voltage/current amplitude ratio
different from the value supported by the medium for
propagation, thereby creating stored reactive power on the
medium. A detailed analysis on the conjugate and identical
matchings under a complex characteristic impedance reveals an
insightful physical mechanism that underlies the complex power
flow on the TL towards the load termination under both
conditions. It can be deduced that the identical matching is a
preferred choice when an adverse impact from the load reflection
is not fully recognised. Although the maximum power transfer
cannot be achieved, such a design is more robust to self-
interference which may entirely disrupt the communications.

Keywords—Conjugate matching; maximum power transfer;
transmission line; characteristic impedance; (key words)

1. INTRODUCTION

In radio-frequency (RF) circuits and systems typically
equipped with waveguide structures, two main matching
conditions, namely the conjugate matching (CM) and the
identical matching (IM), are common practice for designing
the load termination. In principle, whereas the CM enables
maximum transfer of power from the wave travelling on the
waveguide to the load, the IM results in less power transfer
but there is no wave reflection.

Consider a transmission line (TL) schematically
represented as a two-wire structure to support guided wave
propagation in Fig. 1, with a characteristic impedance Zo and
a load impedance Z;. Whereas the load termination under the

conjugate matching condition is Z, =Z, (the upper bar

denotes the complex conjugate operator), the termination
under the identical matching is Z; = Zo, assuming the source
impedance is identically matched to Zo.

It is typical in practice to assume that the characteristic
impedance Zo possesses only a real value. This yields in an
equivalent load condition for IM and CM, i.e,

Z L= Z 0= Z o - However, when Zo becomes a complex
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Fig. 1. TL schematic of characteristic impedance Zo and load Z;.

Zo 7

value, particularly when the waveguide medium is lossy [1],
the IM and CM conditions are different. As a consequence, the
question arises, “How do we choose the load condition for the
design task at hand?”.

This paper seeks to answer this unconventional design
scenario that starts to manifest itself in state-of-the-art RF
circuits and systems where the medium losses becomes more
common. This is typified by the emerging 5G mobile systems
with the operating frequency bands being pushed towards the
millimeter wave region and beyond [2]. Another emerging
application involving a complex characteristic impedance is
the body-channel wireless communication [3].

We start by outlining the basic theoretical foundation for
subsequent analysis in Section II. Also, the description on the
complex characteristic impedance, and the general analytical
investigation of the IM and CM conditions are given. More
specific and insightful discussion on the operating mechanism
that differentiates between the IM and CM at the load
termination is then provided in Section III. Finally, conclusion
is given in Section IV.

II. BASIC THEORY

In this section, we briefly summarize the basic concepts
that will be employed in the subsequent analysis, with
particular emphasis on complex power flow in an electrical
network. To make it more accessible to general readers, the
variables associated with the waves travelling along a

waveguide in the derivation are voltage (V) and current (I)
signals, instead of electric (E) and magnetic (H) fields. Note
that V is related to E, and I is related to H, depending on the
waveguide structure.

A. Time-Domain Signal and Its Phasor Form

A time-domain sinusoidal signal, z(t), can be written as a
sum of two complex exponentials.
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Fig. 2. Terminal voltage and current within a network for power calculation.

X

x(t) = X | cos(wt +0,) = %ew‘wt 4 Dot )

where X =| X | ¢’ = is the phasor representation of z(t).
The relation between z(t) and its phasor form X is via the
projection onto the real axis, as given by

z(t) = Re (Xe““”) 2)
where Re(") is the real part operator. Due to its simplicity, the
phasor form is normally employed to analyse and visualise the

voltages, currents, powers and their relationship in electrical
networks.

B. Complex Power

Consider power flow between a pair of terminals within a
network as shown in Fig. 2(a) with sinusoidal voltage v(t)

and current 4(t) given by
u(t) =| V | cos(awt + 6,)
i(t) =| I | cos(wt + 6,)
The instantaneous power p(¢)
terminals is the product v(¢)-4(¢). By using (3a) and (3b),

(3a)
(3b)

exchanged between the

along with the trigonometry identities, cos(u)-cos(v) =
cos(u — v) + cos(u + v) and cos(u + v) = cos(u) - cos(v)

—sin(u) - sin(v) , the instantaneous power can be written as

p(t) = P -[1+ cos(2mt)] + Q - [sin(2wt)] (4a)
with P = @ cos(6, —6,) (4b)
Q= | V; | sin(g, —6,). (4c)

The terms P and () can also be determined by using the
phasor representations V =| V | e’* for v(t)and I = I | e

fori(t), as given by

s=p+jg-v.1= "l Zf |10, )
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Fig. 3. Equivalent TL model based on lumped element.

The equation S = P + j@) is called the complex power with
P being the real power, () being the reactive power, and the

magnitude | S |= \/P* + Q* being the apparent power.

Based on (4) and (5), the real power P represents the
time-average power dissipation and its pulsations. On the
other hand, the reactive power () represents the power

exchange with zero time-average or lossless/stored power. A
diagram illustrating the P and () components of the
complex power flow is given in Fig. 2(b).

It is important to point out that the real/reactive values of
the complex power are dependent on the phase difference,
0, — 0, , between the sinusoidal voltage and current signals.
In particular, the complex power has only real power when
0, —0, =0, and only reactive power when 0, —0 =

+7 /2 orright angle.

C. Voltage and Current Waves on TL

A small section of the TL schematically represented as a
two-wire conductor terminated by the load Z, of Fig, 1(a) can
be modelled by an equivalent distribution of lumped R, L, G,
C'network as shown in Fig. 3, where R is the series resistance
per unit length (Ohm/m), L is the series inductance per unit
length (H/m), G is the shunt conductance per unit length
(S/m), and C'is the shunt capacitance per unit length (F/m).
Note that L and C are lumped equivalent circuit models
related to the magnetic field H and electric field E along the
line, respectively. Also, R and G are lumped circuit models

related to the losses associated with the H and E fields,
respectively.
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The total voltage and current waves along the TL consists
of waves travelling in the positive and negative z directions,
which can be given in the time-domain by [1]

v(z,t) = V7(0) | cos(wt — Bz + 6] )e**

+|V7(0) | cos(mt + Bz + 0))e™™  (6a)
i(z,t) =[ I"(0) | cos(at — Bz + 6 )™
—|I(0) | cos(at + Bz + 6 )™  (6b)

In view of the phasor representation, the total waves are
equivalently given by

V(z) = V*(0)e” + V- (0)e™”*

=V (e +Te ] 72
I(z) =17 (0)e” =TI (0)e™*
V) (7b)

[e"” —Fe*”]

where V*/7(0) and I'/(0), respectively, denote the phasors
of the travelling voltage and current waves at the load point

9]

where z = 0. The e” term denotes the forward or incident

+yz

wave propagating in the +z direction, and the e term

denotes the backward or reflected wave propagating in the -z
direction. The complex propagation constant y is given by

7/=a+jﬂ=\/(R+ja)L)(G+ja)C) )

where « is the attenuation constant in Nepers/m, and £ is

the phase constant in rad/m. In (7), the voltage and current
waves are related via the characteristic impedance Z, of the
TL, with

V'(z)

V) 7 _ /M
I'z) TI(x) ¢ \NG+joC

Also, the incident waves V', I'

V()

= ©)
are related to their

corresponding reflected waves V~, I" via the reflection

coefficient I" at the load, where
_ Vv (0) _ I'(0) _ ZL _Zo
Vi) I(0) Z,+%,
Fig. 4(a) illustrates the forward/incident and backward/
reflected components of the phasors V(z) and I(z) at a

(10)

distance [ (or z = —[) from the load.

D. Complex Characteristic Impedance

One major mechanism that leads to a complex Z o is the

loss associated with the propagating medium [1], This
includes the loss in the medium’s permittivity that attenuates
the voltage waves (related to electric field), and the loss in the
permeability that attenuates the current waves (related to
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Fig. 4. Phasor representation of (a) voltage and curretn waves, (b) complex
power flow on TL.

magnetic field). When the attenuated voltage and current
results in the voltage/current amplitude ratio different from the
value supported by the medium for wave propagation, a
fraction of the voltage or current is not able to propagate
further, hence becomes stationary. The stationary field only
exchanges its energy locally with its surrounding space and is
thus also called a stored field. Since the stored reactive field

results in a non-zero phase difference, 6, — 0,, between the
sinusoidal voltage and current signals, giving rise to a
complex characteristic impedance Z 0"

Typical in a general medium, the permittivity loss is
significantly higher. Thus, the stored reactive field is of

current or magnetic type, and Z, possesses a positive
imaginary part. On the contrary, when the permeability loss is
higher, Z  possesses a negative imaginary part. For the case

that the permittivity and permeability losses attenuates the
voltage and current amplitudes in such a way that the
voltage/current ratio supported by the media is still

maintained, there is no stored field, and Z o is a real-value.

Based on (9), such a loss condition that yields a real Z , is
R/L=G/C

where R and G are non-zero.

(11)

E. Complex Power Flow on TL

Based on the complex power equation in (5) and the total
voltage/current wave equations in (7), the complex power flow
on the TL with the load reflection coefficient I" can be
derived as
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S = (V*(0)e” + V- (0)e” W(I' (0)e” — I (0)e*)
= (V*(0)e” +T- V- (0)e™)

Vlo) e*(lZJr]ﬂZ _ E . V_(O) e+azfjﬂz
Zo Zo
gHt s § +—
| V+(0) |2 “az +j282 2 12z | 1202
—~ (e +Te™ ) =(|T [ e™ +Te )
Z, R o
§'=P"+jQ S =P +jQ

12)

To obtain the operational insight, the complex power in
(12) is separated into two main components S° and S,
which represent the power flow in the positive and negative z
directions as determined by the incident and reflected current

waves I" and 1", respectively. In addition, both S* and S~
contain the cross-product terms between the incident and
reflected voltage/current waves explicitly shown as

S™(=VI") and ST (= V'I") in (12). This indicates that
while the voltage/current waves along the TL can be
completely  decomposed into  the incident/reflected
components, the power flow resulting from the waves must

take into account their interaction. A calculation of power
resulting from individual incident and reflected waves which

include only S""and S™ is not physically meaningful. One
important implication from the interaction is that the cross-

product terms S~ of S* and S* of S~ can indeed impact
the complex power flow in the forward and backward
directions. Also in the equation, as the wave propagates, its
associated power decays exponentially according to the

attenuation factor, eﬂ””, due to electric and magnetic
dissipation in the lossy medium that forms the TL.
As illustrated in Fig. 4(b), the real part P/~ of the

complex power S/~ is attributed to the flow of power
associated  with the waves propagating in the
forward/backward direction. On the other hand, the imaginary

part Q' of the complex power S*/ is attributed to the

localised stored power of the fields at a point z on the TL. The

complex power equation in (12) is central to the subsequent
analysis.

III. CoMPLEX POWER FLOW UNDER IM AND CM

A. Real Characteristic Impedance Z,= R,

In most practical scenarios where a wave medium is
lossless, the characteristic impedance Z, is a real value. For a

lossy medium, a real value Z,, is possible under the condition
given in (11).

A.1 IM and CM Conditions
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For a TL with Z, = R,, the IM and CM at the load

termination are identical since Z, = Z, = Z, = R, This

yields T'=(Z, -R,)/(Z, + R,) = 0 and there are no
reflected wave components. By using (12), the complex power
flow S along the TL is given by

S = Pmae’Z"Z +7.0,

[ —
§t=p

(13)

where P =| V*(0) ' /R, is the maximum real power from
the incident wave propagating in the forward direction
towards the load at z = 0. The equation indicates that there is
only a real power flow of the component S** due to the
incident voltage/current waves along the TL.

A.2 Mismatch Condition
It is instructive to investigate the complex power flow

under a load mismatch, Z, # R, which gives rise to reflected

wave components travelling in the backward direction. These
reflected waves interact with the incident counterparts,
modifying the flow of power along the TL as explained in
Section II. By using (12), the complex power flow under this

condition normalized to the maximum available power P is

given by
st Cae s S,
S — — (67211,% _| F |2 e+2az) + 1—~6+]2ﬂz _ Fe+]2ﬂz
n
P
ma
§ T -8." STt
— (e—Qaz_ | 1—~ |2 €+2az) + ]211’1’1 (F€+]2ﬂz)
| —
P

n Q”

(14)

The normalisation is applied for notational convenience and
ease of discussion. In the equation, S is divided into their

constituent components as indicated in (12). Under a real Z,

and mismatch conditions, the components S™* and S~ are

real valued, indicating power flow of the incident and
reflected waves, respectively. Although the cross-product

terms S and S™ possess flow of real power, they are in
opposite directions and hence cancelled out, leaving only
localised stored reactive power along the TL, known as the
standing waves.

Under a lossless TL (@ =0) and Z, = 2R,, Fig. 5(a)

shows the numerical plot of the normalized complex power
Sn versus z using (14). It is noticed that while the normalized

real power flow P is constant, the normalized reactive power

@, of the standing waves varies along the TL. Also, since



IEET - International Electrical Engineering Transactions, Vol. 5 No.2 (9) July - December, 2019

1.5

1.0

-1.0
-70/2

(a)

1.5

— =0

107 —=0=0.1

-1.5 S g
> ~ Pr ’ Qn
-2.0 —

o) /4 0
z

(b)

Fig. 5. Complex power flow on TL under at o = 0 and 0.1 with (a) Z, = R,
(b) Z,=0 and oo.

P (0) is less than unity, and the real power delivered to the
load is less than P~ under the CM condition. Under a lossy
TL with & = 0.1, Fig. 5(b) shows S, versus z. In this case, P,

decays along the TL due to the loss, while (), is maintained as

in the lossless case.
Let us consider the extreme mismatch where the load is

either short (Z, = 0) or open (Z;, = o), which yield I" = -1
and +1, respectively. By using (14), we have

S =e?(1-e")F j2sin(22)

n

(15)

P, Q,
Under the lossless case at o =0, we have Pn: 0 and

@, # 0 as shown in the numerical plot of Fig. 5(b). Thus,

there is no net propagation of wave, only the stored reactive
power or standing waves along the TL. Through the
investigation of the phase difference, the total voltage and
current waves are perfectly at right angle to each other at any
point along the TL, thereby causing the complex power flow

to have only the reactive power Q" . Note that this makes the

TL with short or open termination an energy storage element
widely employed in most RF circuits. Under a lossy case

where @ > 0, wehave P >0and () # 0 as also shown in
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Fig. 6. Complex power flow under Z;, = R, and CM for (a) forward

components S*, (b) backward components S.

Fig. 5(b), and thus there is non-zero net loss from the waves
attenuation, reducing the quality factor of the TL-based energy
storage element.

B. Complex Characteristic Impedance Z, = R, + jX

As described in Section II, a complex characteristic
impedance is attributed to a lossy wave medium that
attenuates the E and/or H fields associated with the voltage

and current waves, in such a way that causes the fields ratio to
deviate from the value supported by the medium for
propagation. As a result, a fraction of the less attenuated field
becomes stationary yielding locally stored power along the
TL, causing the characteristic impedance to be a complex
value.

B.1 IM Condition
For a TL with Z, = R, + jX, the IM condition at the

load Z, = Z, yields I" = 0 and there are no reflected wave
components. By using (12) and rearranging the equation in
terms of the maximum available power P =[ V*(0) [ /R,

it can be shown that the normalized power flow is given by

st s
—
S 1 X e—?az O_e—Qaz
- __ - 0 —2az — .
5.5 v |"R ) o’ 140
ma 1+ 0 0 - O-_ _ f— G__J
2 g Q,

0
(16)
where o = X / R, . 1tis evident from (16) that the complex

power is only due to the incident wave component S™*, and
composed of both real and reactive power. The presence of the
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reactive power is attributed to the stored E or H field left-
behind as the incident waves propagates. As a consequence,
even with no reflection under a complex Z,, there exists
standing waves on the TL. Moreover, the real power delivered
to the load Z, = Z, can be given by

1

1+o
S

This is less than the maximum value available from the

incident wave.

amn

ma

P =Re[8(0)] =

2 " ma

B.2 CM Condition
Under the CM with Z =% =R, —jX,, we have

I'=-jX, /R, =—jo, and the normalized power flow
obtained from (12) can be given by

st st
1+ j0 _ R To s
S”: j262az_]0 j26J2ﬂ~
1+o l1+o

S~ S

1+ jo ;
. ]zeum_
1+o

e*ﬂﬂz

(18)

1+ jo
1+0°

By setting z = 0 to investigate the power delivered to the

load, the equation becomes

st s,
1 o o’ le
Sn = 2 + j 2 + 2 j 2
1+0° 1+o0o 1+0° 1+o0
S, S,
2 - 3 2 .
-o -jo o o
+ 2 + ] 2 2 j 2
1+0° 1+o0 1+0° 1+o0o
AR e
——
= 1 - jo (19)
Similar to the previous cases, S s divided into its

constituent components as indicated in (19) and illustrated in
Fig. 6(a). For the forward power flow S; , the cross-product

term ST due to the interaction between the reflected voltage

V™ and incident current wave I" not only cancels out the

reactive power associated with the incident component S**,
but also contributes additional real power to restore the

maximum power P available from the incident wave to the

load. For the reflected power flow S as illustrated in Fig.

6(b), there is a cancellation of the real power components,
leaving only the reactive power, which can be shown to equal
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Fig. 7. Complex power flow on TL with complex Z, under IM and CM
conditions.

to the power in the reactive part —jX, of the load after
denormalisation.

It is also instructive to investigate the complex power flow
on the TL using (18). By setting & = 0.1 and o = 0.05, the

numerical plots of S, are given in Fig. 7. From z= — [, up to

the load point at z= 0, the real power flow P, is increased and

the reactive power (), is decreased, as compared to their

corresponding values under the IM condition also included in
the figure. This is attributed to the incident/reflected waves
interaction which creates backward reactive power opposite to

that created along the TL with a complex Z, At z <—1|,

however, the backward reactive power is reversed, thereby
strengthening the net reactive power, hence resulting in less
real power flow than the value under the IM condition.

IV. SUMMARY

Complex wave power flow along a waveguide medium
consists of real power attributed to travelling waves, and
stored reactive power attributed to stationary or standing
waves. A complex characteristic impedance Zo is attributed to
imbalance of losses in an electromagnetic wave medium
which causes attenuation in the voltage and/or current waves
in a way that makes their amplitude ratio different from the
value supported by the medium. As a consequence, only parts
of the voltage and current that satisfy the medium condition
can propagate further. A fraction of the less attenuated
voltage/current wave is left behind, giving rise to stored
reactive power along the TL.

With a complex Zo, there exists standing waves even
under the identical matching condition between the TL and the
load, and the maximum power transfer condition is not
satisfied. Under the complex conjugate matching, the
reflection at the load creates an interaction between the
incident and reflected waves that not only cancels out the
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reactive power flow, but also restores the maximum power
available from the incident wave to the load.

The understanding can be useful when designing
transceivers in 5G and wireless body communication where
electrical losses can cause considerable attenuation, yielding
inevitable complex characteristic impedance in the
communication channel. As a general guideline, if there is
foreseeable adverse effect from the load reflection, such as
possibility of multiple reflections by the surrounding
environment or at the source, the IM condition must be
employed to the trade maximum power transfer for self-
interference that can disrupt the communication. If the adverse

76

effect is negligible, the CM condition should be the design
choice.
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