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Abstract—Custom power devices are the importance to setheesensitive loads from power quality problems.
Especially in medium-voltage grids, the demandsfecuring larger loads has increased significantlystalling of
higher power levels leads to consider the multilex@nverters with an increased number of levels difterent
topologies. Therefore, the five-level diode-clampedverter could be the interesting solution. Tiger presents a
method to allow a short-time stable operation d$ tiepology without oversizing the DC-link capaciémd shows the
drawback of this topology that its voltage levais aot stable for active power transmission andefare the usage of
this converter for custom power device applicatiohlse voltage source converter is simulated inpgbwer system
using MATLAB program.

Keywords—€ustom Power Devices, Power Quality Problem, VoltagSag/Swell, Multilevel Converter, Distribution of
Electrical Energy.

custom power devices, a five-level diode-clamped

1. INTRODUCTION converter seems not a suitable topology. Howeves, t

. ___operation time of custom power device systems igequ
Concerns on power quality problem have come intOghqyt  therefore it may be possible to use differen
attention to many utilities and res_earchers foreaade. capacitances to make this inverter work properiythis
Many literatures devoted to Obt"?"n the methodoltnyy_ paper the derived equations will be explained amel t
find the way to prevent and relieve the power dyali peeqeq capacitances will be calculated. Finallgséh
problem. The custom power had been proposed which,ic\jations will be verified with simulations ohet
concept of custom power gnd power electronic cd)mrq designed system.
distribution areas by using the forced-commutation Fig. 1 shows the basic concept of custom power

switches. _It !ntroduced the custom power solutiofis  jaices For a successful compensation, the custom
power reliability rely on such novel components and

lid o K O@ower devices must be able to detect voltage
systems as Solid State Circuit Breaker (SSCB) andyist rhances and control the converter to prevgainst
distribution ~ static compensator

) (D'S_T_ATCOM)' sags, swells, flicker, harmonic, etc.
Dynamic Voltage Restorer (DVR) and Unified Power

Quality Conditioner (UPQC) [1-2].

Presently new systems for medium voltage grids with
a compensation power of several MW are developgd [3
Even though several inverter topologies were ajread
presented for custom power devices, the H-Bridge
inverter is used in nearly all applications [4]. iGpto
higher power levels for compensating voltage
disturbances in medium-voltage grids leads to thedn
of a series or parallel connection of devices or
converters. One solution is a multilevel invertathwa
high number of levels, especially the five-levebak-
clamped inverter could be an interesting solutimnthis
application. The main drawback of a five-level died
clamped inverter is that it is not feasible for active
power transmission [5], because the capacitor gelta 2. gg/ERLCI:EE/ Elbﬁl\S)EDRE{E;AMPED VOLTAGE
cannot be balanced for all four capacitors withia DC-
link. Since delivering active power is essential tive Main Circuit and Component

HV-Bus

(a) Dynamic Voltage Restorer

During the last 10 years, there has been steadytigro
multilevel converter topology as they can suit the
Nadarajah Mithulananthan af@aisan Boonchiam (corresponding high voltage and hlgh power applications. MUlt”b_Ve
author) are with the Energy Field of Study, Asitmstitute of VSC are the attractive technology for the medium
Technology, P.O. Box 4, Klong Luang, Pathumthari2l® Thailand V0|tage app“cation’ which includes power qua”uyda
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6589; e-mailst101633@ait.ac.tandmithulan@ait.ac.th power conditioning  applications in the distribution
system. The most well-known multilevel topologies
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developed so far are shown in Fig. 2. There is eliod
clamped multilevel voltage source converter.

HV-Bus

MV-Bus ;

NC = Ceil( Nindex) (3)
and number of main switching devices is

NSW = Z)Qell( Nindex) (4)

In contrast to main devices, the nominal voltagéhef
clamping diodes is higher than the voltage of anell
Therefore, it becomes necessary to place sevevdesli
in series to achieve the required voltage. If ratelthge
of a clamping diode equals rate voltage of the main
switching devices, a Nerlevel inverter leg needs the
following number of clamping diodes.

}l in
Xl
Fault V‘”V
E D-STATCOM
— v

(b) Distribution Static Compensator

HV-Bus

D.Clamp: (

N l)( N Ievel_2) (5)

level™

example, the five-level DC-VSC needs 4

capacitors, 6 diodes and 8 power switches. Howener,
practice, more diodes are needed due to the voltage
derating of the series connection of up toedN2)

MV-Bus diodes. This fact introduces practical problemshsas

Fault

(c) Unified Power Quality Conditioner

Fig.1 Simplified diagram of custom power devices
connected between supply network and a critical pla

This multilevel topology can generate multilevel
output voltages with low harmonics and reduce ggta
stress on the power electronic devices. In order to
compare the different multilevel topologies, a ditgn
called N,qex is defined as given in Equation (1).

V, c, max
Nindex = \/d— (1)

D, max
whereVyemax IS the maximum dc bus voltage a¥igmax
maximum nominal voltage requirement of the devices.
Fig. 2 depicts one leg circuit diagram of a fivede
diode-clamped voltage source converter. This tapolo
uses clamping diodes to limit dynamic and static
overvoltages for switching devices. The clampingdeis
are connected to taps of dc bus capacitor. In mediu
voltage grids, dc bus voltage is so high therefore
capacitors are connected in series. Diode-clamped
voltage source converter generates different veltag
levels for output voltage in the ranging betweesitpae
and negative of /2. The number of levels N is

Nlevel = CeiI(Nindex)+l (2)

parasitic inductances or package difficulties.

Fig. 3 Principle of a 5-level NPC

Switching Strategy
The most popular and simple switching schemesHer t
diode voltage source converter are step modulatith

) - sine pulse width modulation (SPWM). Assume the
The symbokeil(x) represents the ceiling numbenof  magnitude of the reference sinusoid is 1.0. Compgari

Ningex IS the number battery cell. The number of single petween triangular carrier waves and the references

capacitors Ny is
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Each device is only switched twice per period Hg. d B
shows the switching principle for a five-level center. d (a' a )XQ =0 (13)
12
v() The analytical solution of this nonlinear problesads
,/_\\ to piecewise linear functions over the entire matah
/ \ range. For minimizing the third harmonic, they voié
v
| | N
| |
i i \ -t 165
! al 0’2 0’3 0’4 1.4-
Fig. 4 Five-level step modulation switching strateg 120

The first level is turned-on at; and the second level

at a,. To achieve a completely symmetrical switching 08

Theta(rad)

scheme, the switch-off instances has to be 06
T T 0.4}
a,=—-a a,=—-a 6
3 2 2 4 2 1 ( ) 02l
And the switching times for the seconded half-pério o 5 ” o o : -
have to be delayed on T/2. The amplitudes of the ' " Modulation Index '

fundamental sine-wave and the harmonics can be o ] o ]
determined by a Fourier analysis. The decomposiion Fig. 5 Switching angles with minimizing the % harmonics

the function will be in the form
2

f(x) =22+ (g, cos(n)+ R sir( nY) @) Lef — 3rd ]
2 n=1 g 16 5th 4
where sHL oth
1 V4 § 12f
a,nZ—J. f(x)cos(nx) dx (8) %’ 1t AN
7T7” § N AN AR !
5 o8t AN A\ : ' i
17 . R / " e e
a, :_J. f(X)SIH(nX) dx (9) 3 AR - \ ! ‘1 ! \ 1}
]T*II € 0.4 \ ,/ \\ / \ ,/ ! -
< \\ N Y \\ / " |
Because of the symmetry of the output signalago o2y \ V) " ) \J“
.. . . N \ /
coefficient exist and all even harmonids,, kO N, o e - - 5
disappear. The fundamental amplitudlecan be found Modulation Index
as. Fig. 6 Harmonic content of the output voltage
27" 4
b== [ f(X)sin(x) dx=—(coga,)+ coba,))x Vi N
Vg Z!:. n Vi Level B
- T T
) 2 | |
. . \ /’—'\ I
AssumingVpc the voltage of one level. B1 is depended I y* \ !
on two variablesa; and o, and has one degree of v / N Level A
freedom. For example;, and o, can be chosen to 4 [/ |
minimize one specific harmonic. Depending on the i i \
demands of the electrical structure at the outguhe | !
converter, the "8 or the %' harmonics is chosen. The ! ! \ LevelN _ 1o
related Fourier-coefficients are t, L, -
17 . 4 .
:—j f (x)sin(3x) dx:3—( cog &)+ cob 8,))x e Fig. 7 Voltage Waveform of a 5-level NPC.
e 7T

(11)

In order to obtain the desired output magnitude tand
minimize the desired harmonics, the following edrat
set has to be solved:

Fig. 5 illustrates these switching angle and a, and
Fig. 6 depicts the amplitude of the first harmonics
Concerning the harmonic content this method seems t
be the most suitable so far. With an increasingvel
b (m)=mx2x\, (12)  because this introduces new degree of freedom ame m
harmonics can be eliminated.
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T J3 3. FIGURES AND TABLES SIZING OF
arcco{ma EJ Osm, <— CAPACITORS AND ENERGY
_ M7 1 o) V3 2/3 Ratio of Capacitances
a(m.)= arCCO{T+T2 3 af;f} 7T The positive and negative half-waves lead to thmesa
T 23 4 discharge of the two upper and two lower capacitdss
arcco{ma Z] Ty SMes a result, the calculation effort can be reducedrte half

cycle. The calculate the charge, @rawn from each

(14) capacitor, the half cycle between 0 and T/2 isd#diin

T o< <£ two parts. During the first part, the output is yonl
2 sm s T switched between the levels N and tA=([0, t] & [t,,
T/2]). For the duration of the second interviak([ty, t;])

1 3 /3
a,(m,)= arCCO{%T"TZ\/ 36- afﬂzj %5 m S% the voltage level is switched between the levelnd B.
3 The first step is to calculate the borders of thterial,
arcco{ma E] 23 <m < 4 thereforet; andt, must be calculated. These times can be
4 4 4 calculated by considering the fact that, as soorthas

(15) reference voltage elapses the voltage of level &, t
second starts/((t) = Vsin(at) = Vad4). Using these fact
o _ _ two equations can be derived.
Characteristic of DC-link Capacitors

In Fig.3, the equivalent circuit of a 5-level NP@érter t, :larcsi,{ﬁj :lg( (16)
is depicted. The DC-link voltage is divided intoufo 2 n) T

different capacitors, which all have the same ciigace T T

and voltage. Due to the modulation of a sinuscideput t,= Er_tl :EEQIT— X) (17)

voltage the load will be connected to the uppeeghr

voltages (B, A, N) during the positive semi-cycledao where x:arcsir(ij
the lower voltages for the negative half-wave. Huoe a,
subsequent analysis only the positive half-wavasisd,

therefore only the three switching states B, A Bnldave

to be considered.

First, the voltage stability problem of a five-léve
diode-clamped converter will be briefly describedy. 7
shows one half period of the output voltage of the
inverter. As long as the reference voltage) has a
magnitude which is below the voltage of level Agth
output is switched between the two potentials A Bid
therefore, only the inner capacitor is dischargédhe
reference voltage exceeds the value of Level A the
modulation charges and the output is switched bstwe
the potentials A and B. It becomes obvious thattive
capacitors are not discharges equally.

The reason for the different discharge is, thatrther 1

. . . . . . tl
capacitor is constantly discharged during the festni- ﬁ[ﬂm :J'Vm sin(wo [ﬂ) Ht+ J‘ va sin(wo [t) ot (18)
0

Based on these two equations and by comparing the
voltage-sec area of the reference voltage and ugub
voltage, the complete time interval during whicte th
output voltage is connected to leveltd(and to level
B(tg) can be calculated. Within the first section, the
inverter is switched between the neutral point kvl
A. By comparing the voltage-sec areas of the refme
voltage and the output voltage the timg@ tan be
calculated. This is the interval where the outpsit i
connected to level A, as long as the referenceagelis
below the magnitude of level A. This leads to the
following equations (18).

cycle whereas the outer one is only discharged detw 4

L
t; andt,. Hence, the voltage distribution in the DC-link

cannot be kept constant for active power transpmissi = s, [T [(1- cosx )

Consequently, a five-level diode-clamped convectm 2LV,

only be used for active power transmission if akBtae

Back solution is used. Analog to these considerations the other needed tim

Although it is not possible to achieve stable Dle intervals can be calculated. In this case the geksec
with a five-level diode-clamped converter for anstard  area for the section where the reference voltagddse
drive application it could be possible to use ttiiguit level A has to be considered. The titggis equal to the
for the short operation times of custom power desic interval during which level A is connected to thetput
One solution could be a different size of the inmedl the  and durings the output voltage is equal to level B. Thus,
outer capacitor. The disadvantage of different capes  the equations (19) and (20) can be derived.
is, that the DC-link cannot be recharge by one emur

Hence, each capacitor has to be charged separately. 2 A
Since the recharge must not be very fast for custom ths =T[E1——&——m&ost (19)
power devices, relatively small sources can be aseb T TV,
therefore this is no real disadvantage for sucystesn.
t, =T 2V oy X -1 (20)
TV, m
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Finally, the time intervals for level A and B comted
to the output can be derived. This leads to thal tohe
ta during which level A is connected to the output.

20X 4L
ty =ty +lo =TH1-“=+ " ({1~ 2(tosq) | (21
A Al A2 I:E T nwdc[q ) ( )

be compensated up to the maximum voltage of 10%
above the nominal value. Therefore, a higher mditula
index can be chosen to assume a proper functigrelit
the custom power devices. As a consequence, aage/er
value of the modulation index should be used tarass
compensation with the five-level diode-clamped
converter topology. In most custom power devices

To determine the change drawn from the capacitorsapplications the amount of energy needed for the
the load current must be assumed next. To get atwor application can easily be calculated. Thereforejsit
case estimation a pure ohmic load is consideredimportant to calculate the different capacitancesmnf
Therefore, a constant current is drawn from eachthis value by considering the needed ratio deriired

capacitor during the time intervals. Whereas during
charge is only drawn from the inner capacitor, iyt
both capacitors are discharged. Using the currkpit (

I,g) during the two time intervals the charge drawing

from the capacitors can be derived, with @aw from
the outer capacitor and,@om the inner one.

V. . Y
=_det with|,, =% 22
Ql 2R B LB ZR ( )
V. V.. _V, R( tAj . V,
==t +—=t, =—| t,+-2 | withl,, =—= 23
Q2 ZR B 2R A 2 B 2 LA 4R ( )

via the amplitude modulation inder¥V,/(Vy/2)) the
needed quotient of the charges draw from the ctpaci
can be calculated with the following expression.

Q_

q =62_ Zcosx+%n( - 1)

{1 b ]

(24)

equation (24). The stored energy and the needed
capacitors can be calculated with the following atgpun
(25).

V.. Y
Edc=291—2mq+cz)tﬁﬂ (25)
_ 16E, 16E,,
C = 2 = 2,
\Z (1+ 1) Vi (1+0)
q
1 T T T T T T
% I I I I I
s I I I I I I
e I I I I I
g I | I I I I
o 02F-——-t+t At ——A——— -~~~ ———t—— —
8 G N R
%AS 0‘.6 O‘.7 018 O‘.9 :‘I. 1‘.1 1.2

MODULATION INDEX (m)

Fig. 8 Needed ratio of capacitances depending on
modulation index

Since both capacitors will be charged to the same

voltage, equation 13 expresses also the neededitapa
ratio for a constant discharge of the outer andirther
capacitor. It becomes obvious that this quotientedes
on the modulation index, therefore it is not polesito
achieve equal discharge for all modulation indeKahe
modulation index is below 0.5 the outer capacitanitke
not be discharged, because only the level A andilN w
be connected to the output.

Reduced Amount of Energy Needed

The main advantage of different capacitance is the
reduced amount of energy needed for the compensatio
process. In general, the minimum amount of enesgy i
determined by the value needed for a successful
compensation, therefore it can be calculated by
considering the worst case failure and the minimum
compensation time. If a standard design is choden a

In Fig. 8 the derived equation is depicted for a capacitors will be equal, leading to a similar amtoof

modulation index from 0.5 to 1.2. As expected, & lo
modulation index leads to a very large capacitgy C
because for a modulation index below 0.5 the enetitly
only be drawn from the inner capacitor. Therefarégw
index leads to large discharge of the inner capaeind
a lower for the outer capacitor. On the contrarjarge
modulation index corresponds to a long time intema

energy within each capacitor.

Due to the unsymmetrical discharge of the capaxitor
a larger portion of energy is drawn from the inner
capacitors. Consequently, these capacitors will be
discharged quit fast and the semiconductors ne¢aled
block higher voltages. Hence, the amount of enenggt
be increased to avoid these problems. By varyirg th

which the output is switchgd between_ level A and B. capacitances this oversizing can be reduced signiiy,
Consequently, both capacitors are discharged durinthecause the capacitors are designed accordingeto th

most of the period and the needed ratio is appingch
unity.

needed energy during compensation.
Considering the needed size of the inner capacitor

_In view of the fact the custom power devices needs(c,) the needed amount of energy can be calculated. Fo
different modulation indexes — depending on the sagthe standard solution all capacitors will be design

depth and the needed compensation time — it israd$o
possible to achieve an equal discharging. One adgan

equally, whereas for the presented solution thesrout
capacitor will be reduced according to the caladat

f a custom power devices is that the minimum ratio (equation (26)).

modulation index is above 0.5, because shallow sags
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compensations of 300 ms under full load conditif@js
During the 300 ms the voltage difference is stilitg
low, so that the inverter is still operational. Tdfere, it
E= Zgl—u:z 0V + qE&EQ DV was proven that the five-level diode-clamped cotarer
2 2 can be used for an active power compensation with
different capacitances. As already mentioned, tas |
was assumed to be ohmic to calculate the needed
capacitor ratio for a worst-case scenario. Thisudated
E _1+q @7) ratio can also be used for different displacemeaatdfs,
2 to prove this the same capacitors were used fanias
load and voltage sag. The power factor of 0.8.Hig.10

It should be kept in mind that the ratio betweea th the different DC-link voltages are depicted. By
capacitors cannot be reduced too much, because thgPmparing these results to the previous pure oloaid
voltage of the outer capacitor is needed to assure it becomes obV|ou_s that the vpltage difference betw
correct compensation of the load voltage and tbeeef (he outer and the inner capacitors has decreaseds, T
the energy storage in these devices has to becigutfi the prewous_ly described assumption Iead.s to atwors
Various simulations were accomplished to find the C@S€ Scenario and can be used for the design ustar
minimal value for the capacitor ratio for worst eas Power devices based on a five-level diode-clamped
scenarios. In the presented application the lowatiy ~ Converter topology.
realized was 0.4, leading to 30% less energy neémted
the custom power devices application. As a consezpje
the enormous cost for the large DC-link capacitas
be reduced considerably compared to a standardeb-le
design.

EStan dard = 4% ECZ wgc = 2 ECZ D/gc (26)

This leads to the following equation:

EStan dard

6000

4000 ~ -~ -~ -

2000————3————‘ - SR
4. SIMULATION RESULTS |

To prove the calculation from the previous section,
simulations were done with a DVR based on a fivelle

Capacitor Voltage (V)
(=]
|

[

; . . 2000 AR YA
diode-clamped converter. Fig.9 shows the DC-link | | | | | | |
voltage during a three-phase sag under full load | .~ " 2" "7 15T 0T
conditions. In this case, the remaining voltag@5&6 of R

. . . | | | | | | |
the nominal voltage with a total compensation poofer 6000 ! ‘ ‘ ‘ ‘ ‘ ‘
10 MW. 01 015 02 025 03 035 04 045 05

Time (sec)

Fig.10 DC-link voltage during the compensation of ghree-
phase sag.

6000 T~

4000 - -~~~ - -

I i T T i
I I I | I
I I I | [
2000****:****‘ - Nl AT
I
I

5. CONCLUSION

One major power quality problem in distributiondgri
are voltage sags, which lead to production losses i
sensible processes. For medium voltage and higreipow
loads custom power devices are one solution. Sinee
power of the protected loads is constantly incregsi

! new inverter concepts should be examined, i.e.édnigh

! number of levels. Therefore, a five-level dioderyteed
0l 0B 02 0% 03 0% 04 o045 05 converter was examln_ed for thls_ application. Thénma
Time (sec) disadvantage of the five-level diode-clamped correr
topology is that it can only be used in a back-#ck
configuration if active power is needed. Otherwite
capacitor voltages will deviate from each other and

At approximately 200 ms, the sag is detected aad th steady-state operati_on is not ppssible. .However, fg
custom power devices starts to compensate thegeolta custom power devices apphca_tlons active power s
From that point on the DC-link constantly dischatge needed, but only for a short time interval.

The ratio of the outer and the inner capacitor .i§, 0

which corresponds to a modulation ratio of 0.75. It REFERENCES
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