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Abstract: Voltage regulation is nowaday usually reserved for regulating the voltage on HV and MV network.
By including more and more of distribution generation automatic voltage regulation on distribution transformers be-
comes an undeniable need. At the moment mostly used type of tap-changer is electromechanical. However in a recent
time there are a lot of researches about electronic OLTC (on-load-tap-changer) due to their advantages over electrome-
chanical switches. Since electromechanical switches are robust, respond slower, and operate from tap-to-tap, there is
surely a need and a reason for investigation and consequently application of the electronic OLTC in a distribution
network in a close future.
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AHAJIN3A HA IOJABUTE IITO BJINJAAT BP3 IU3AJHOT HA EJIEKTPOHCKATA ITPEKJIOIIKA

(OLTC) 3A IUCTPUBYTUBHU TPAHC®OPMATOPHU

A1 cTpaxT: Bo Hajrogem 6poj qUCTpHOYTUBHE MPEXH Ce KOPHCTH payHa peryianyrja Ha HallOHOT CO TOMOIIT
Ha CPeIHOHAIIOHCKO-HUCKOHAIOHCKHUTE TpaHchopMmaTopy. MefyToa, CO O3HAYUTETHOTO HHTETPHpPathe Ha TUCTPUOY-
MpaHHUTE U3BOPH HA EJIEKTPUYHA CHEPrHja, HEOIXOHA € aBTOMATCKa PEryJIliija Ha HaloHOT. Jlocera HajKOPUCTEHH ce
€JICKTPOMEXAaHUUKHUTE PEryIaTOPHH MPEKIOKH. Bo MeryBpeme ce IpaBaT MHOT'Y HCTpaXKyBama 3a yoTpeba Ha elek-
TpoHCcKHUTe peryiaatopuu npekionkun OLTC, kon uMaaT 3HAYUTEITHH MIPETHOCTH BO OJHOC HA €IEKTPOMEXaHUUYKHTE.
[IpenHOCTUTE Ha LEIHOT CKIION Ce: MOMAIN JUMEH3UH, TOKPATKO BpeMe Ha KOMyTaluja, Ho100py KapaKTepUCTHKH Ha
3allITUTA U Ha IPeHacovyBatbe. J[eHec HaoraaT c¢ morojemMa npruMeHa BO aBTOMATCKaTa HAMIOHCKA peryJialuja Ha Juc-
TpHOYTHBHHTE TpaHC(HOpMATOPH. 3aTOa € BaYKHO Ja ce MPaBaT aHAIHM3H CO KO O ce MOTBPIUIIC MPEAHOCTUTE Ha OBHE

perynaropu, c¢ co IIeJI HUBHA IT0TrojIeMa NMIUIEMEHTANHja BO HIHIUHA.

Konyunn 360poBu: enexrponcku perynaropu OLTC; perynanuja Ha HaroH; JUCTPHOYTHBHO TPOU3BOJICTBO

INTRODUCTION

Since it is a tendency to have a bidirectional
flow of the electrical energy in a power system,
there is a big challenge in a voltage regulation in
distribution network [1]. Distribution transformers
with electromechanical OLTCs are already widely
spread since there is a need for automatic voltage
regulation especially in the active MV and LV net-
works. There are a few models of OLTCs that are

used for tap-change operations. Electromechanical
tap-changers include resistor or preventative auto-
transformer as a diverter switch [2]. Disadvantages
of a resistive and reactor tap-changer are undenia-
ble. Slow operation time, problem with size, main-
taining costs are the biggest drawbacks of this type
of OLTC. Application of power electronics for au-
tomatic voltage regulation can speed up transition
time from tap-to-tap, eliminate problems with lack
of space and avoid additional maintaining costs.

* Extended version of the manuscript published in the Proceedings of the 10" MAKO CIGRE Conference, Ohrid, September 24-26, 2017
(TTpommpena Bep3uja ox Tpyn0T objaBeH Bo 300pHNKOT Ha TpynosH ox 10. CoseryBamwe Ha MAKO CUI'PE, Oxpun, 24-26 cenremspu 2017).
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There are two tap-changer types based on electron-
ics which can be a replacement of electromechani-
cal OLTC [3].

Electronic assisted OLTC still uses mechanical
switches for the tap change but with a reduction of
an arc and transition time. Solid state OLTC without
any mechanical counterparts shows significantly
advantages in ability to jump from currently active
tap to any other in only half-interval of the funda-
mental frequency as well as reducing noise and
losses.

This paper orientates mainly on the design de-
termination of electronic OLTC counterparts. Elec-
tronic switches and protection elements have to hold
up voltages and currents in a normal operation state.
By using transformer winding parameters currents
and voltages on each electronic switch in a normal
operation state can be defined. This is the base for
electronic switch determination and protection sys-
tem settings [4].

In the advanced networks voltage regulation is
a big challenge for distribution network operator
[5]. By adding distribution generation with its un-
predictable generation, effective and fast voltage
regulation becomes a demand. Low voltage mostly
industrial networks can change voltage conditions
on household terminals in a very short period of
time [6]. When this typical load as well as distribu-
tion generation are involved in a network it is man-
datory to seize a voltage between its permissible
levels [7].

While electromechanical OLTCs perform to-
adjacent-tap change in 2-10 s [8], solid-state
OLTCs can do a tap-change in a half period of the
fundamental frequency [9].

SOLID-STATE OLTC DESIGN
Steady state stresses on solid-state switches

For designing solid state OLTC and electronic
switches respectively the most important is to de-
sign it for a steady state voltage across the each
switch during the normal operation. Considering
that taps on a regulation side are magnetically cou-
pled with each other, commutation of the switches
will effect in a changed voltage across the each
switch [10]. Steady state voltage across the opened
switch S, when S, is turned-on can be calculated by
equation (1) if the following conditions are fulfilled:

a) main windings have the same turns ratio,

b) tap windings have the same turns ratio,
¢) voltage dip across taps is neglected.

. ﬁVps"] _p|Nt
S = 5
* (MN,, +KN,)-(g—DN,

(1)

where is:

K — the number of tap windings,

M — number of main windings,

p — the index of the opened switch,

g — the index of the turned-on switch,
Vs —nominal primary voltage,

N, — turns ratio of the main winding,

N;— a turns ratio of the tap winding to the secondary
side turns ratio.

Furthermore for the peak current through the
switch during the normal operation is following
equation relevant:

Is =A2-2 N e
! Vsec(MNm"'KNt)_(q_t)Nt

where is

S — an apparent power of the transformer,

Vsec — the nominal voltage on the secondary side.
N; — the secondary winding turns ratio.

Commutation process of solid-state switches

Besides normal operation, solid state OLTC
has to be designed for commutation process too.
Considering that circuit is never interrupted, swit-
ches will commutate for some period of time. It is
paramount to calculate a commutation current since
it is one of the most important information for the
protection element design that protect electronic
switches from such adverse events. Positive feature
of the commutation is that it reduces a spike voltage
across the switch which prevents its damage in some
extension. Due to slow commutation between taps
in electromechanical OLTCs is necessary to include
diverter switch which will reduce a commutation
current. Since electronic switches commutate fast,
they do not use any solution to reduce a current that
happen in the commutation process.

According to the transformer’s equivalent T
scheme on Figure 1, variables of each winding can
be converted to the other by using coefficients on.
Coefficient o, converts secondary, and oo tertiary
side variables to primary.

2
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Fig. 1. T-equivalent scheme of transformer with solid-state OLTC

Coefficients a3 and a4 are used to convert var-
iables from primary and secondary to tertiary side.
They are involved in the tertiary side variables cal-
culation.
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Using Laplace transformation and putting all
upper variables from # to s domain, primary and ter-
tiary current is calculated:

-1
I (s) ki kiy ks Vinx(8)

12,x(s) =\ kyy ky ky; 0 (13)

I3,x (s) kyy k3 ks 0
Afterwards, setting primary pri and tertiary ter
instead of the index x in the equation (13) brings the

final step in commutation current calculation where
kj; are substitution coefficients.

ki = Req.ref +S(Leq.ref +Lm.ref) (14)

kip =kp1 =—=SLy rer; k13=k31=0 (15)

koo = Rload.ref + Rsec.ref +

(16)
+ S(Lm.ref + Lload.ref + Lsec.ref)
kp3=ksp =
= _[Rload-ref + Rsec.ref + S(Lload.ref + Lsec.ref)]
(17)
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k33 = Rload'ref +Rsec.ref +Rtap.ref + (18)

+ S(Lload.ref + Lsec.ref + Ltap.ref

After Laplace transformation /,(s) and /,(s) can
be extracted as following. The sum of primary and
tertiary current is a short-circuited current in the
commutation process through one turned-on switch.

Ip(S):Il‘pri(S) (19)
I,(s) =13 4¢r(5) (20)
Lo (s)=1,(s)+1,(s) (21)

Design of OLTC electronic switches depends
paramount on the event of short-circuit on second-
ary side. Coefficient as converts all impedance com-
ponents in a related circuit on primary side. Short
circuit current on secondary side is transfered on
HV (primary) side. Through electronic switches
will flow the current which is calculated with equa-
tion (23):

2
} (22)
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Commutation current is divided into primary
and tertiary current according to the model from
Figure 2 and for commercial IGBT applications
lasts 50 ps [11]. As longer the commutation time is,
IGBT has to be designed for standing higher com-
mutation currents. Load impedance and its power
factor play a big role in derivation factor of commu-
tation current. Permitted value of the commutation
current for the certain IGBT has to be determined in
a case with 100 % inductive load.

In the presented model for commutation anal-
ysis commutation is considered to occur at a zero
crossing current. Accordingly, total leakage induct-
ance is distributed proportionally regarding to the
turns ratio on each winding. As presented on the
transformer’s equivalent model, overlap current is
defined as a tertiary current during the commutation
between two switches. Since the primary current i,
flows in the same branch as tertiary i;, resultant of
these two is the short circuit current i, during the
commutation process.

Fig. 2. Currents through the electronic switches during overlap time
(Vin — nominal peak primary voltage; R.; and L., — resistance and inductance of the primary winding disregarding short-circuited tap
impedance; Rsec and Lsec — resistance and inductance of the secondary winding; Ry and Ly — resistance and inductance of the tap
(“tertiary”) winding; L»— magnetizing inductance; Rioasand Lioad — resistance and inductance of the load)

J. Electr. Eng. Inf. Technol., 2 (2) 121-128 (2017)



Analysis of affected phenomena on electronic OLTC design for distribution transformers

125

SOLID-STATE OLTC PROTECTION SYSTEM

Protection system is one of the most important
elements of the electronic OLTC since its elements
are very vulnerable on feasible overcurrent and
overvoltage events which can damage them. Since
there is no diverter switch to limit a short-circuit
current like in electromechanical tap-changer appli-
cations, solid state OLTCs have to deal with exten-
sive commutation currents. Power electronic ele-
ments which serve as regulating switches have to
have starting circuit, overcurrent, overvoltage, at-
mospheric discharge and voltage spike protection

[12]. Protection system of the electronic switches
has to be designed and adopted for operating, as
well as for transient and subtransient currents and
voltages.

As presented on Figure 3 SCSCP system con-
sists of electromechanical switch R; which can han-
dle a permanent short-circuit current. It provides an
operation of OLTC during the failure in OLTC cir-
cuitry. In the no-load operation R; stays closed. This
switch is also responsible for protecting electronic
switches from inrush current during the start-up pro-
cess of the transformer [13].

11

ADP OP Switches SCSCP Hlﬂg
r. C_'.' Tl —
|
b I =3
l % ol T % 0.X
a AN A —|r
v 3 e 1S5\ Sy Sap 5 '\" 11_4 E ﬂ
T T; i 2
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VSP L

Fig. 3. Solid-state OLTC topology with bidirectional IGBTs and belonging protection circuit
(ADP — atmospheric discharge protection, OP — overcurrent and overvoltage protection,
SCSCP - starting circuit and short-circuit protection, VSP — voltage spike protection)

Function of the OP crowbar is to protect elec-
tronic OLTC against overcurrent and overvoltage
events. Thyrisors in a crowbar serve as a redun-
dancy to the electromechanical switch in a case of
short circuit or overload current which is deter-
mined on 120 % of nominal primary current. Since
electromechanical switch R; has a longer delay
time, thyristors operate first and protect electronic
switches from damage. When voltage potential on a
crowbar exceeds break oved diode (BOD) level
overvoltage protection turns on and prevents over-
voltage to appear on IGBT switches.

In addition to the surge arrestors on a primary
and secondary side of the transformer, metal-oxide
varistors (MOV) are used as an additional protec-
tion against atmospheric discharge on a primary as
well as on a secondary side.

When a commutation between switches oc-
curs, through the switch which is about to be turned

Ciiuc. Enexiupoivexn. Uneg. Texnon., 2 (2), 121-128 (2017)

off flows an overlap current. This current results in
a stored energy on a tap and may cause the damage
if not diverted. Therefor capacitors in parallel with
taps are installed to subtract a remained energy
across the winding of the turned-off switch. How-
ever tap inductance and capacitance of the capacitor
in parallel create a resonant LC circuitry and if re-
sistance of a tap is not sufficient to damp oscilla-
tions resistor has to be included in such circuitry.

Energy stored in a tap is described by:

E; !

=— 24
"=y (24)

2
Ltaplt,overlap

As well as the energy on inductor, only half of
the energy on capacitor is stored and the other is dis-
sipated. Energy stored in a capacitor is determined
from the next formula:
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1 2
Ecap = ECS [(Vtap + AVC)Z - Vtap] (25)

The maximum peak voltage that occurs on a
tap is given by:

N,
V=2V, | ——12 26
o ps(Ntotal_KNtap 20

The maximum acceptable voltage across the
capacitor AV, is directly related with a maximum ac-
ceptable voltage variation on the tap inductance Vi,
reduced for voltage AVy, which considers to be be-
tween 10% and 50% of the Vi, in order to protect
the damage of electronic switches. There is a com-
promise between high voltage spike generated on
the tap and the circulating current which becomes
higher with capacitance Cs:

AVy
AV, = Vtap( 106) (27)

By summarizing precedent relations capaci-
tance C; is given by:

2
C. - Ltaplt.overlap
CAVE 420, AV,

(28)

DETERMINATION OF THE SOLID-STATE
SWITCHES AND THEIR PROTECTION
SYSTEM

Distribution transformer 20+2%2.5%/0.4 kV,
400 kVA with shown parameters is used for model-
ing an electronic OLTC.

Table 1

Distribution transformer’s winding parameters

Resistance Q Inductance mH
Rpri 4.9395 Lpyi 132.255
Riec 0.003347 Lsec 0.058072
Riap 0.12402 Luap 3.32063
- - L 138.567
Winding Number of windings
Nin = Npri = 2Nup 2310 — 2Nup

Niec 28

Niap 232/4

The advantage of solid-state type of OLTC is
the possibility of applying it in the currently used
distribution transformers with voltage regulation in
de-energized state. Hence the chosen transformer
that is already installed somewhere in distribution
network just has to be upgraded with a new voltage
regulation. Selected transformer has two main
windings (M = 2) and four tap windings (K = 4). In
this case regulation switches are on the primary side
as well as on the distribution transformer with
DETC. In new distribution transformers with this
type of voltage regulation OLTC can be installed on
any side of the transformer. Decision is made ac-
cording to the voltage and current requirements of
the power electronic components [14].

Insulated-gate bipolar transistors (IGBTs) are
taken into consideration in this article as the elec-
tronic switches and are presented as a good future
solution in OLTC technology. Though some tech-
nical advantages are obvious considering faster
switching time and flexibility of switching that give
reliability and voltage quality, there are anyway
some milestones. Power electronics’ sustainability
is still not developed to be widely used in distribu-
tion network and there are a very few networks that
are advanced in that measure where only electronic
OLTC would be a suitable solution for a voltage
regulation under strict European regulations. The
fact is that fully electronic OLTC is not researched
enough and is considered still as an unreliable solu-
tion. However, it seems as a good voltage regulation
technology in advanced distribution networks in not
very distant future.

Determination of voltage and current stresses
in a normal operation is the first and the main infor-
mation for selecting electronic switches according
to their required operating area.

In a normal operation condition the highest
voltage will occur on the switch Ss when the switch
Si is turned-on. According to the equation (1) and
the transformer parameters voltage across the
switch Ss reaches the value Vss=820.03 V. Therefor
selected IGBT has to sustain minimum that voltage.
Overvoltage protection system in a crowbar cir-
cuitry has to be determined according to the limita-
tion of the BOD (break over diode) on 984 V. Fur-
thermore, since SCSCP’s switch R; is on the same
potential as S; it has to withstand the same voltage
as the other switching components.

Value of the current through the switches in a
state without tap-changing is calculated from the
equation (2). The highest possible /¢ =15.69 A

J. Electr. Eng. Inf. Technol., 2 (2) 121-128 (2017)
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occurs when the switch S;s is turned-on. Overcurrent
protection system design in a crowbar circuitry de-
pends on the short circuit current value on the sec-
ondary side, transferred to primary. Therefor OP
thyristors and electromechanical switch R, have to
be designed to hold up this current level.

Short circuited tap winding current in the com-
mutation process according to the model on Figure
3 contains primary and tertiary current. Tertiary cur-
rent flows on the place of the switch which is about
to be turned-off. Calculated tertiary current for
100 % load and PF = 0.18 is:

]t,overlap =247 L 8324 A

Information of the overlap tertiary current is of
the huge importance, especially for the capacitor di-
mensioning in order to subtract the stored energy on
the winding after commutation. However, more im-
portant information than effective value of the 7, over-
iap 18 the behavior of the overlap current during the
certain period of time. Diagram on the Figure 4
shows the overlap current in dependence of the load
factor over the time.

2040

&

-60)

Current through switch §

-2

0 "181ps

Time (ms)

Fig. 4. An example of the overlap current characteristic on the switch in dependence with power factor (PF)

VSP capacitors are responsible for subtraction
of the energy from exited winding. Calculation of
capacitance of the VSP depends on the overlap cur-
rent. Since overlap current depends significantly on
the load power factor, acceptable overlap time has
to be taken for the worst case. Worst case is when
the load is completely inductive (PF = 0). Permitted
overlap time has to be checked according to the cho-
sen operating current level of the electronic switch.
If the overlap time of the IGBTs is less than the
maximum acceptable overlap time for fully induc-
tive load, there is no problem in such application.

CONCLUSION

In this paper a technology of a solid-state
OLTC in a distribution transformer is discussed
with all its advantages and disadvantages. Advan
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tages like fast switching time from one to any other
tap, no arc, no movable parts, less size etc. over cur-
rently used electromechanical tap-changers are pre-
sented. Electromechanical switching method is ma-
jor nowadays and the only commercial choice be-
cause of its undeniable reliability and low price, but
disadvantages like slow and limited switching oper-
ation as well as causing flickers could be a draw-
back in a future smart-grid.

Calculation model for the electronic compo-
nents in OLTC gives the methodology for determi-
nation of the electronic switches and protection cir-
cuit design. Currents and voltage values for steady
and commutation state are calculated according to
the parameters of one distribution transformer with
DETC. Results determine the mandatory design,
size and price of the electronic switches as well as
protection system components.
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Renewable energy resource as the most signif-
icant energy producer causes the problem with volt-
age regulation. Highly autonomous networks with
energy produced mostly in a distribution network
and strict regulations of the voltage quality are the
big challenge for conventional electromechanical
OLTCs with slow voltage regulation response [15].
Therefor solid-state OLTC technology has an objec-
tive potential to become widely used in a close fu-
ture.
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