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Abstract

For achieving carbon neutrality, increased renewable power generation is an emerging trend. Renewable power, often trans-
mitted via VSC-HVDC, is variable, intermittent and could not contribute to grid inertia directly. Thus, quick restoration of
system frequency should be prioritized, for which encapsulation of frequency regulators inside converter controllers is often
suggested. Most of the reported frequency regulation schemes are only suited for converters carrying power below rated
limits. The novelty of present work lies in its ability to regulate frequency by delivering power support above rated limits. In
fact, by exploiting primary frequency reserves available at the other end and by efficiently utilizing converter’s entire permis-
sible operating region, frequency can be restored quickly within acceptable range. This can have significant implication for
extracting frequency support from offshore wind farms coupled via VSC-HVDC. The proposed technique, based on dynamic
converter current modulation, renders significant active power support depending upon severity of encountered frequency
excursion. Its performance is justified by testing it by introducing disturbances of different magnitudes in an IEEE 14-bus
system. Interestingly, the simulation results obtained using MATLAB/Simulink have confirmed that by employing proposed
scheme, for a 22% load/generation unbalance, VSC can arrest frequency nadir within one second by delivering nearly 30%
above rated converter power. In fact, fast frequency regulation is achieved without compromising AC voltage stability of the
disturbed grid.

Keywords Fast frequency regulation - Load—frequency dynamics - VSC’s permissible operating range - Converter current
modulation - VSC-HVDC overload capability - VSC-HVDC operation beyond rated limits - Power—frequency control

1 Introduction

High voltage direct current (HVDC) technology has gained
popularity in last few decades owing to its ability to trans-
fer high quantum of power generated by various renewable
energy sources (RES) located many miles away from con-
gested load centers. With its wide variety of features like
flexible power control, black starting, faster and effortless
power reversal, smaller station footprints, etc. Voltage source
converter (VSC)-based HVDC technology is a convenient
choice made by power engineers for enabling green grid elec-
trification. Although HVDC technology makes ties between
asynchronous grids feasible, simultaneously it makes it diffi-
cultto extend frequency support (FS) from one grid to another

B Ashima Taneja
tanejaashima.1988 @ gmail.com

Department of Electrical Engineering, Delhi Technological
University, Delhi, India

Published online: 15 September 2023

grid directly. Therefore, a frequency regulation feature is
often incorporated inside converter control so that interre-
gional frequency support can be rendered [1-3].

It is noted from literature survey [1-22] that various con-
trol schemes have been suggested for facilitating FS incor-
porating VSC-HVDC system. For a point-to-point (P2P)
VSC-HVDC system, [4] introduces an active power—fre-
quency (P—f) droop in its converter control which increases
coupling between the grids causing HVDC system to no
longer behave as a firewall, thus, resulting in FS provi-
sion from one grid to another. Likewise, FS is proposed
by using offshore frequency-DC voltage (fofr—V4c) droop
at rectifier controller and P—f droop at inverter controller [5,
14]. The same is demonstrated in [6]; however, converter
power carrying capability is under-utilized. It is shown in
[7, 24, 25] that IGBT-based modular multilevel converter
(MMC)-HVDC can be overloaded to up to 27.5% of its
rated capacity by controlled injection of circulating cur-
rents while still functioning within safe junction temperature

@ Springer
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of the used power electronic devices. However, resultant
impact on converter’s reactive power support and AC volt-
age of the disturbed grid during the overload period has not
been accounted for. A multivariate random forest regression
(MRFR) algorithm for FS provision in interconnected grids
of aP2P-VSC-HVDC system has been proposed in [8] which
estimates the power required for the caused load/generation
unbalance and accordingly updates power order for con-
verter stations and alternators. However, effect of time delay
involved in parameter estimation as well as updating of the
power orders on system’s performance is not touched well.
Inertia emulation-based control schemes are also proposed.
[9, 10] use electrostatic energy stored in converter station
capacitors for extracting frequency support without disturb-
ing the healthy grid at the other end. However, super-sized
capacitors are required instead for provision of substantial
power support. In [11], a communication-less bidirectional
frequency support scheme is proposed for P2P-VSC-HVDC
system in which the grid having more rate of change of fre-
quency (RoCoF) is supported from the grid at the other end.
But, along with pre-requisite of accurate RoOCoF measure-
ment, power support from healthy grid to disturbed grid is
not ensured always as no clear demarcation to differentiate
between supporting and disturbed grid is suggested. Vir-
tual synchronous generator (VSG)-based frequency support
schemes are proposed in [12, 13] in which VSC is artificially

made to behave as an alternator to participate in frequency
stability enhancement. However, such techniques lack of
inherent converter current limiting controls which has to be
additionally integrated. Table 1 enlists and compares features
of various frequency regulation schemes listed in literature.

It is also noted that most of these FS strategies are demon-
strated with VSC-HVDC carrying power significantly lesser
than its rated power. Except [7], none of these works consider
possibility of FS provision particularly when the converter is
already carrying rated power and is expected to deliver power
support above its rated limits. Also, all of these strategies
are demonstrated only for case of nominal disturbances and
are not tested for any credible contingencies. In fact, system
response is indifferent to frequency excursions of different
magnitudes. In addition, effect of load/generation unbalances
on frequency dynamics of the interconnected grids is not
quantized. It is also noted that additional support power is
released steadily causing significant nadir and hence fast fre-
quency restoration is not achieved. In fact, none of these
demonstrates the effect of frequency mitigation technique
on AC voltage stability of the disturbed grid.

The proposed work presents a dynamic frequency reg-
ulation technique using VSC-HVDC system that enables
enhanced active power support for enabling the quick restora-
tion of system frequency. The proposed frequency regulation

Table 1 List of pros, cons and limitations of significantly reported frequency regulation strategies

S.no.  Existing articles Pros Cons Limitations
1 Droop-based [4, 7, 11, 14] Able to offer instantaneous  Offer limited power sup- Not suitable for HVDC system
response. port capability. already operating at rated capac-
Does not rely on accurate Slow frequency ity.

RoCoF measurement. restoration speed. Unable to utilize efficiently the
entire permissible VSC
operating region.

2 Inertia emulation based [9, 10] Instantaneous response is  DC voltage stability is at ~ Large investment cost for super
offered. risk. capacitors at the converter sta-
Firewall advantage of Frequency restoration tion.

HVDC is retained. speed depends upon Unable to utilize efficiently the
emulated inertia entire permissible VSC
constant. operating region.

3 Direct estimation of unbalanced Exact amount of Requires accurate RoCoF  Needs dedicated communication
power [8] deficient/surplus power measurement. system for parameter estimation
can be compensated. Slow frequency and updating power order.
restoration speed. Requires accurate estimation of
unbalanced power.
4 VSG-based [12, 13] Able to provide both Slow frequency recovery.  Overcurrent limitation control for

inertial and primary
frequency support.

Need accurate RoCoF
measurement.

Adopted power
synchronization control
is difficult to
implement.

valve protection needs to be addi-
tionally integrated.

Not suitable for HVDC system
already operating at rated
capacity.

@ Springer



Arabian Journal for Science and Engineering

PCC 2
200 kv

Fig. 1 VSC-HVDC transmission system coupling two AC grids

technique is based on a three-layer converter control mecha-
nism in which significant power support is rendered depend-
ing upon the magnitude of encountered frequency excursion.
In present paper, it is shown that appreciable power support
(nearly 30% above rated) even for credible frequency dis-
turbances (for load/generation unbalances up to 22%) can
be imparted. This can result in significant implications for
extracting frequency support from offshore wind farms so
that additional power support above rated converter capacity
can be transmitted via VSC-HVDC controlled via proposed
scheme. In the proposed work, with increase in severity of fre-
quency contingency, the entire permissible operating region
of VSC-HVDC has been exploited for provision of frequency
support while deliberately maintaining AC voltage stability
of the disturbed network. Although, few research works men-
tion similar type of approach [15, 16], but are silent over
its resultant impacts on the AC/DC system and are unable to
justify better frequency regulation that can be achieved with
the aforesaid concept.

The major contributions of this paper may be mentioned
as:

1. Modeling and verification of load frequency dynamics of
disturbed and supporting grids at the two ends of VSC-
HVDC transmission system.

2. Demonstration of utilization of converter’s complete
permissible operating range so as to offer maximum fre-
quency support to the disturbed grid.

3. Performing stability analysis of the considered AC/DC
system by deriving a dynamic state space model of it.

4. Verifying proposed scheme against frequency excursions
of various magnitudes.

With Introduction as Sect. 1, this paper has six more sec-
tions. The description for the considered VSC-HVDC system
coupling two different AC grids is presented in Sect. 2.

200 kV
DC Cable 1
SG1 GT-1 CT-1
® D €D T+ +200kv o1 |
13.8 kV k1 31: 11(\1/ é\aﬁq 230 KVI 200 KV 230 kV/ 200 kV,
11, 400 MVA

AC Grid 1 400MVA 1o ctifier DC Cable2  |nyerter
230 kV, 50 Hz, Station Station

11.2 GVA

AC Grid 2

1 GVA 230 kV, 50 Hz

Development of mathematical model for frequency devia-
tions in a contingency prone AC network of the integrated
HVAC-HVDC grid is done in Sect. 3. The efficient utiliza-
tion of VSC’s permissible operating region for obtaining
enhanced active power support and thus, for mitigating fre-
quency excursion of different severities is proposed in Sect. 4.
The stability analysis of the system is carried out in Sect. 5.
Simulation results that justify the enhanced FS capability of
the proposed control scheme are demonstrated in Sect. 6. In
the end, Sect. 7 draws out conclusions.

2 System Configuration

A P2P-VSC-HVDC system interconnecting two AC grids,
ACGrid 1 (ACG 1)and AC Grid 2 (ACG 2) is shownin Fig. 1.
Rectifier controller maintains its local DC voltage to constant
value while inverter controls its active power injection into
ACG 2. The parameters for this system are given in Table 2.
ACG 1 is represented by a single generator equivalent, SG-1,
while ACG 2 is considered as IEEE 14-bus system having
five alternators, G1-G5. With several alternators, loads and
buses in it and to optimize simulation times as well, thus,
IEEE-14 bus system is a better selection so that actual power
system behavior can be visualized. The VSC-HVDC system
is coupled via PCC-2 which is connected to Bus-1 of the
IEEE bus system by a reactive impedance. With system volt-
age of 230 kV, short circuit capacity of the Bus-1 is fairly
strong and determined to be 2000 MVA. This can be suffi-
cient to absorb the inverter’s power infeed, operating even
above its rated limits. A two-level circuit with symmetrical
monopolar configuration is chosen for VSC-HVDC system.
For alternators, excitation system of Type 1 [26] and IEEE
turbine model with PID controller for its governor system
[27] are adopted.
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Table 2 AC-DC system parameters

Table 2 (continued)

S. no. System components Ratings S. no. System components Ratings
AC grid 1 (ACG 1) Proportional and integral 2,40
System voltage and 230 kV, 50 Hz gain
frequency d Inner Current Controller
Synchronous generator equivalent (SG 1): Proportional and integral 0.6
Rated power 112 GVA gain
Active power generation 0.75 pu

Governor droop coefficient  0.05
Inertia time constant 32s

Generator transformer equivalent (GT-1)

Voltage 13.8 kV/230 kV
Rated MVA 11.4 GVA
AC grid 2 (ACG 2)
System voltage and 230 kV, 50 Hz
frequency
Alternators (G1, G2, G3, G4, GS5)
Rated voltage 13.8kV
Rated MVA 200 MVA
Active power generation 0.6 pu

Governor droop coefficient  0.05
Inertia time constant 35s

Generator transformers

Voltage 13.8 kV/230 kV
Rated MVA 210 MVA
VSC-HVDC system parameters
Rated power capacity 400 MW
Rated DC voltage + 200 kV
Converter transformers 230 kV/200 kV, 400
(CT-1 and CT-2) MVA, 50 Hz

Lengthof DC cable  and2 75 km

Parameters of DC cable 1 r=20.139 mQ /km, [ =

and 2 15.9 mH/km, ¢ = 23.1
wF/km
DC capacitance 70 wF
VSC-HVDC controller parameters
a P—f controller at inverter station
Active power setpoint —1lpu
Proportional and integral 0,20
gain
b Q-controller at rectifier and inverter station
Reactive power setpoint — 0.2 pu

Proportional and integral 0,20

gain
c Vbc controller at rectifier station
DC voltage setpoint 1 pu

@ Springer

3 Modeling Frequency Deviation Dynamics
in AC Grids Interconnected to VSC-HVDC
System

The VSC-HVDC system interconnecting two AC grids, as
shown in Fig. 1, is considered. Assuming that ACG 1 and
ACG 2 are having net active power generation of PsGj pet
and PsG2 net, respectively.

It is considered that all the five alternators of ACG 2 are
loaded equally and Pg is the power generated by each of
them. With ‘n,’ equal to total number of alternators, i.e., five
here,

PsGo.net = ng. PG. (D

Let Pr; and P are total power drawn by the loads in
ACG 1 and ACG 2, respectively. Assuming Prece and Pipy
are active power flowing via rectifier and inverter stations,
respectively. Let £2™°4 and £, be rated and actual frequency
of ACG 2 and P, "4 is rated value of inverter power. Let K¢
is power—frequency coefficient (PFC) of inverter, such that

AP, inV/ P irxflvted )
- Afz/fzrated ’ ( )

Ki =
where PFC is defined as ratio of per unit increase made in
inverter power in response to per unit decrease in frequency
of the connected grid.

Considering a load/generation unbalance in ACG 2,

APy +ng - APg = APp). 3)
Using (2),
Afr
APy = =Pt Ky —=- 4)
2

Neglecting any switching and line losses,

A Prec = APyy. (5)
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With Pg™¢d as rated power and pac.> as governor droop
coefficient of each of the alternators in ACG 2,

Prated A
APG = — picz . frjfjd. (6)
. J2

3.1 Frequency Deviation in Disturbed Grid, ACG 2

Using (4) and (6) in (3),

AP

ated
rated g, "e-PG
(Pinv Ki+ PAC2

Afy =~ e ™)

Thus, lesser frequency deviation occurs, when higher
value of PFC (K7y) is considered at inverter controller.

3.2 Frequency Deviation in Supporting Grid, ACG 1
Assuming no frequency disturbance occurring in ACG 1 at

the same time of the load/generation unbalance eventin ACG
2 and neglecting any losses,

APsG1.net = A Prect. (8)
Using governor droop constant, pac for SG 1,

Prated Af
_ SG1 1
APsGlnet = — oAt -@, ©))

where Afj is the frequency deviation caused in ACG 1
while mitigating frequency deviation in ACG 2. Psg;"™d
and £ are the rated values of active power of SG 1 and
frequency of ACG 1, respectively. From (5) and (8),

APsGl.net = A Piny. (10)

Using (9), (4), (7) in (10),
AP
Pt (|, e P
PACI 1+ Ktpac2 Pir;‘\}ed

It can be noted from (7) and (11) that the supporting grid
(ACG 1) undergoes frequency deviation of same nature as
that of the disturbed grid (ACG 2).

Afi = S (11)

4 Proposed Dynamic and Efficient Active
Power Support Scheme for Quick
Frequency Restoration

In conventional vector current control used for VSC-HVDC
transmission system, so as to protect IGBT valves from
overcurrent, reference values of direct and quadrature com-
ponents of converter currents (ig" and iq*) are limited to
ceiling values of iqupper and igupper, Tespectively [9, 17].
Clearly, the total permissible current that can be carried
by converter valves, i.€., ysc.upper 18 Vector sum of igupper
and iq upper- Figure 2 shows the permissible region of opera-
tion for the inverter of the VSC-HVDC transmission system
(Fig. 1). The left half of the iq* axis denotes inverter opera-
tion while the right half denotes the rectifier operation. Also,
positive value of iq* signifies supply of reactive power to
the connected grid from the VSC while negative value of iq*
signifies absorption of excess reactive power from the grid
by the VSC. At a time, only one of the two reactive power
control objectives is selected. Due to the imposed converter
current limits, VSC conventionally operates inside rectangu-
lar region, ABCD.

For any general power flow scenario, power and voltage
controllers of VSC-HVDC are given set points according to
which iq" and iq* are generated inside converter controller
which may not be necessarily equal to iq.upper and iq.upper-
Assuming that rated values of active and reactive power are
exchanged by the inverter with ACG 2 and accordingly, rated
values of direct and quadrature components of converter cur-
rent are considered as iqraeed and igrated respectively. Thus,
inverter operates inside the operating region defined by PORS
in Fig. 2. Assuming that the inverter is injecting reactive
power into ACG 2, then point P is its operating point having
coordinates (— id rateds iq.rated)-

It is assumed that maximum current carrying capability
of interconnecting cables/lines with the converter is at least
equal to iyscupper and sufficient power support is available
from the grid connected with rectifier end of VSC-HVDC
system, i.e., ACG 1 of Fig. 1. In case of a contingency in grid

I:l Conventional Permissible Region of Operation
o

. %
Region of Operation With Rated Power Exchange lg
L .| Extended Permissible Region of Operation iq.upper
A B
- -~
-7 R QL ~ig.rated
* P
-id /F*/ -
ivsc.upper \\\ B N Re_ . i
' . ~. -idrated -lg.rated
=ldupper N
it D . ¢
=lg.dpper
o %)
-|q

Fig. 2 Permissible operation region for inverter of VSC-HVDC system
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connected with inverter end, i.e., inside ACG 2, it is possible
to extend maximum amount of frequency support from ACG
1to ACG 2, by allowing ig" at the converter controller to take
value beyond iq.upper and nearly as high as iysc upper- Thus, the
region of operation for VSC-HVDC now gets extended addi-
tionally beyond the rectangular region, ABCD to triangular
region ADE, which is also shown in Fig. 2.

Assuming inverter is already carrying rated power, using
(4) and from [9], ig"is generated inside the inverter controller
as:

1+ Kf(fzrated _ f2)/f2rated
1.5Vyp

it = : (1)
where Vg, being direct-axis component of AC voltage at
PCC-2 in Fig. 1. For a frequency excursion in ACG 2,

Ky Afz

ANif = ——7— 2=,
d 1.5% Vao fzr"‘ted

@

Thus, change in iq* made by the inverter controller is pro-
portional to the magnitude of frequency deviation, Af, in
ACG 2.

Three scenarios are possible, depending upon the change
inig" in response to magnitude of the encountered frequency
deviation. These are listed as follows:

e Scenario 1: iq" is limited to Id.upper

In this scenario, the range of encountered frequency devi-
ations are such that magnitude of ig“can be increased from
its pre-disturbance value of iqrated tO UP 1O igupper- Hence,
the converter’s operating region, PORS, gets extended in
comparison to earlier and is depicted in Fig. 3a. Also,
the operating point, P, now takes coordinates in between
(— Td.rated> iqrated) 10 (— id.uppers Iq.rated), depending upon the
value of Af>.

Usually, id.upper is 10% more than iq raed [18]. Since id*
increases only up to 10% from its rated value, thus only
smaller scale frequency deviations can be regulated in this
scenario. This case can, thus, be referred as ‘Small Frequency
Excursion’. Let iqupper = M * id.rated> CONstant ‘m’ is 1.1.
Thus, using (13), the frequency deviation gets limited to

Afrsmai _ 1.5Var . ,
- fzrated - K * (ld.upper — ld.rated)
1.5V
= —1D. .
K; * (m ) .id rated (14)

In addition, same iq* is maintained, i.e., equal t0 iq rated;
thus, reactive power support offered by the inverter remains
unaltered in this scenario. By the converter current modula-
tion performed in this scenario, it is taken care that frequency
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Fig. 3 Inverter’s operating region during a small, b medium and c large
frequency excursion

deviation caused by any load/generation unbalance should
not exceed beyond value defined by (14). It can be observed
from Fig. 3a that in this scenario, inverter still operates inside
the operating region that has been defined conventionally.

e Scenario 2: ig" is limited between id.upper and Zysc.upper

This case is applicable when encountered frequency devi-
ations are expected to be more than the previous case. So,
it is termed as ‘Medium frequency excursion’. It is pro-
posed to increase iq" from iqrated to a value beyond id.upper-
Since same pre-disturbance reactive power support from
VSC should be maintained and its current should not exceed
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Table 3 VSC current modulation for possible frequency excursion scenarios

L%

P

Scenario| Frequency deviation iq iq Net VSC current, iy
. . . 2 ()2
Steady state Afa =0 lq = ld.rated lg = lg.rated; lysc = (ld) + (13) N
Small excursion 0> —Afr > —Afosmall _l:d.upper < —ié‘ < vse < vse.upper
—ld.rated
Medlum. _AfZ.small > _AfZ > _id.new.l < —i <
excursion - Af2.medium _id.upper
Large excursion —A fz.mediunf > —Afy > —ignews < —i} < i(’;: [q.min
_AfZAlarge, —idnew.1
or — AfZlarge > —Afr
ivsc.upper’thus ig- should be limited to Id.new.1, where id new.1 = Let iq.min = lq'rTaled, where d is constant such that d > 1,
; 2 . . : using (13),
Isc.upper — g rated- AlsO, the operating point P, which was g(13)
originally at (— id.rated> Iq.rated), an now further be advanced
up t0 (— Zdnew.1» iqrated); as shown in Fig. 3b. Af2 large B 1.5Va 9 ; )
Usually, iyscupper is 30% to 50% more than igrated fzrated K d.new.2 — ld.rated
[18]. Also, igrated is lesser than igraeq [17]. So, assuming
. . . . s 2
ivsc.upper = k * id.rated and iqrated = P * id.rated Where ‘k” and _ 1.5Va k2 — pr- 1 igrated
[ . — . rated -
p’ are constants such that 1.3 <k < 1.5and 0 <p < 1. Using K¢ d?

idnew! in (13), frequency deviations can be limited up to

1.5Vq
Ky

1.5Vy / .
Tf. ( k2 — p2 - 1) Id.rated- (15)

_ Aflmedium _
fzrated -

. (id.newl - id.rated)

Thus, in this scenario, converter current is modulated in
such a way that reactive power support offered by the inverter
to ACG 2 remains unaltered while frequency deviations are
not allowed to exceed beyond the value defined by (15).

e Scenario 3: ig" is limited to Iysc.upper

So as to mitigate frequency excursions which are even
larger than previous two scenarios, it becomes necessary to
prioritize inverter’s active power support over its reactive
power support. In addition, so as to maintain frequency stabil-
ity along with AC voltage stability of the disturbed grid (ACG
2), it is proposed to reduce iq* to a minimum value, ig.min.
Therefore, iq”* can now further be enhanced from iq pew.] to a

value equal to igpew.2, Where igpew2 = l%sc.upper — Ig min-
This scenario is referred as large frequency excursion. This
is shown in Fig. 3c and after performing this current modu-

lation, the operating point P is now at (— ig.new2, iq.min)-

(16)

Thus, frequency deviations encountered in this scenario
can be limited to value defined by (16). The proposed
control scheme is dynamic because the amount of power
support released depends upon the magnitude of frequency
excursion. Secondly, it is efficient because entire permissi-
ble operation range of VSC is utilized to derive maximum
amount of power support while simultaneously taking care
of AC voltage stability. And since the active power support
is rendered immediately, as a result excursion gets mitigated
quickly. For above scenarios, modulation of the converter
currents is summarized in Table 3.

4.1 Control Structure for Proposed Scheme

The structure of proposed scheme is depicted in Fig. 4. The
control structure has three layers:

e Outer control (OC) loop for generation of iq”* and iq*.

e Dynamic current modulation (DCM) layer for performing
modulation of converter currents according to frequency
deviation in the interconnected grid (ACG 2).

e Inner current control (ICC) loop for generation of refer-
ence converter voltage, Ve apc -

For regulation of grid frequency, inverter’s PFC, Ky is
introduced in the outer loop. AP is required modification
in set point (P") of active power controller in the OC loop
of inverter in response to the encountered frequency devia-
tion. Qiny™! and Qjyy are desired and actual reactive power
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Fig.4 Proposed three-layer control scheme for VSC-HVDC transmission system
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Fig.5 Simplified AC/DC model

output of the inverter. It should be noted that unlike conven-
tional control, converter current limitation is not performed
in the OC loop. Rather, in the proposed scheme, depend-
ing upon the magnitude of frequency excursion encountered,
converter currents are modulated inside the DCM layer which
is buffered in between the outer and inner loop of the con-
verter controller. This layer takes generated references for dg
components of VSC currents as id,gen* and i, gen* from the
OC loop and outputs final values as iq" and iq>k to the inner
loop after performing the current modulation as described
earlier.

5 Stability Analysis of the Considered
VSC-HVDC System

To study the stability analysis of the point-to-point VSC-
HVDC system as shown in Fig. 1, its dynamic model is
derived. A simple representation of the AC/DC system is
shown in Fig. 5. The state space model of this system is
derived by neglecting the converters switching losses and
resistive losses of the grids. The stability analysis is carried
out by performing small signal analysis.

5.1 Derivation of the State Space Model

The simplified model of Fig. 5 is divided into smaller parts
as: ACG-1 dynamics, VSC-1 (rectifier) controller dynamics,

S @ Springer

DC link dynamics, VSC-2 (inverter) controller dynamics and
ACG-2 dynamics.

Assuming voltage at PCC-1 to be constant and in phase
with direct-axis of synchronously rotating reference frame,
writing equations for ACG-1:

: 1 1 Rsl . .
istd=—7—Vera+ —Vs1qd — —ista + wils1q,  (17)
le le sl
.. 1 Rsl . .
Islg = —L—chl.q - L_ll““’ — wiisld (18)
N N

where w1 is angular frequency of ACG-1, Vg1 and V.| are
AC voltages at PCC-1 and converter bus-1, respectively, is is
current entering into converter bus-1 from PCC-1, R and Ly
are resistance and inductance connected in between converter
bus-1 and PCC-1.

Neglecting switching losses at rectifier,

Veldisid + Vc].qisl.q
Vel

idel = ) 19)

where igc1 and V.1 are current coming out of and voltage at
rectifier.

The direct and quadrature components of converter volt-
age are obtained as output of ICC loop of VSC-1 as:

ki cc
. .ref .
Verd = Vs1d — (kp.cc + T <l;?,d - lsl.d)

— Rs1is1.a + Lsiwiisigs (20)
ki, . .
Verq = — (kp-cc + %) (l?fq - ’Sl»q)
— Rs1is1.q — Lsiwyisya, 1)

where kp cc and k; ¢ are proportional and integral gains of PI
controllers used inside the ICC loop.
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Having constant DC voltage control and constant reactive
power control atrectifier station, the reference values of direct
and quadrature axes currents which are obtained as output of
the OC loop of VSC-1 controller as:

. kivd

5t = (v s 5245 ) (V3] = Vi), @)

) Qref k

l;?fq = 3;6(:[ + kp.QreCt + lQreCt < ;git - Qrect) (23)
5 Vsai )

where kp.vde and ki vdc and kp Qrect and ki Qrect are propor-
tional and integral gains of PI controllers for DC voltage
control and reactive power control, respectively, used inside
the outer loop.

In the DC grid, performing KCL at node-1 of Fig. 5,

. 1 1

Viel = —ipc1 — —iL, 24

dcl Clch1 c iL 24)

Vy L ipes+ i (25)
N = ——1 —1

dc2 oipert i

After applying KVL in the DC link,

: 1 . Vieo) Ry, 26)
I, = — — — —IL.
L=7 = del de2) = 7 » L
Similar to ACG-1, the equations for ACG-2 can be written
as:

4= ——Vird — ——Via— D20 ik wai 27)
s2.d Lo c2.d Lo s2.d Lo s2.d 2ls2.q»
1 R
is2q=—-—Veoq— ﬁiﬂ.q — Wais2.d (28)
) Ls>

The real and reactive power output of the inverter being
represented as:

Piny = Veo.disna, (29)

Oinv = Vc2.qi52.q (30)

Similar to VSC-1, writing equations for inner current con-
trol loop for VSC-2 controller as:

N

ki cc i
.ref .
Verd = Vaoa + (kp.cc +— (I;S.d - ls2.d>

+ Ryisp.d — Lpwais g, 3

ki cc i
. .ref . . .
Vc2.q = <kp.cc + T (lsz,q - lsZ.q) + RSZZSZ.q + Lypwaisn d.

(32)

Inverter station having power—frequency control along
with constant reactive power control, the output equations
for the OC loop are written as:

P‘rated +K f( f2rated _ f2)

.ref __ Tinv
I4 =

3
5 Vsa2
ki piny rated
+ | kp.Pinv + . P~ — Py ),

0! ki.ginv
el _ Xinv (kplQinv + = )(erfl{j — Qinv> (34)

jref _ Zinv
s2. 3
Vi S

(33)

Writing Swing’s equation for alternators in ACG-2,
: -1
Afr = 5 (AP — APy — pAC2Af2), (35)
H,

APsGonet = APy — APy, (36)

where H is the equivalent inertia constant and p oc2 is equiv-
alent governor droop coefficient of ACG-2.

A state space model is established by performing small
signal stability analysis on the grid and the converter equa-
tions from (17) to (36). The state space model is derived as:

X = AX + BU, (37)

Y=CX+DU, (38)

where [X] is state vector, [A] is state matrix, [B] is input
matrix, [C] is output matrix, [D] is feedforward matrix and
[Y] is output vector. The currents passing via phase reactor
of the AC grids, DC voltage across the capacitors, current
passing via DC link and frequency of ACG 2 are considered
as states of the system. And output vector comprises of DC
current and reactive power output of the rectifier, active and
reactive power output of the inverter station and net active
power of alternators of ACG 2. And reference values of DC
voltage and reactive power at rectifier station and nominal
value of frequency of ACG-2 along with reference values of
active and reactive power at the inverter station controller
comprises of the input vector.

The system transfer function required for obtaining root
locus plot is calculated as:

Y(s)

T |
X(s)_c [sI —A]" "B+ D. 39)

5.2 Effect of Varying PFC

The stability of the system is analyzed by eigenvalues of the
state space matrix A. By analyzing the trajectories of the
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eigenvalues in response to increase in values of PFC, system
stability is analyzed.

The location of the eigenvalues with PFC equal to 3 pu/Hz
is shown in Fig. 6a. And Fig. 6b shows the enlarged version
of this. Also, the root locus plot obtained using (39) and
its enlarged version are shown in Fig. 6¢c, d, respectively, for
these values of PFC. As observed, system eigenvalues as well
as the roots of the system’s transfer function remain in stable
region when PFC is maintained at 3 pu/Hz.

Figure 7a shows the eigenvalue movement with increase
in value of PFC from 3 to 30 pu/Hz in ten steps each of 3
pu/Hz. For this range of PFC, the root locus plot along with
its zoomed version are also shown in Fig. 7c, d.

With change in value of PFC, location of all the eigen-
values except one remains constant. The movement of this
eigenvalue continue to move towards negative real axis. This
indicates that for the considered range of PFC, system eigen-
values continue to remain in the stable region. Similar pattern
is observed in the root locus plot.

Based on the system modeling presented above, the small
signal stability study indicates that for performing increase
in values of PFC, the eigenvalues tend to move toward the
negative real axis which results in improvement of system
stability.
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Table 4 Parameters for proposed frequency regulation scheme

Considered Values Calculated Values
parameters parameters

id.upper 1.1 pu M 1.0864

Id rated 1.0125 pu fysc.upper 1.3602 pu
iq.upper 0.8 pu id.newl 1.3561 pu
iq.rated 0.1055 pu k 1.34
iqmin 0.02 pu V4 0.104

Va 0.99 pu d 5.23

K 12 id.new2 1.3454 pu

6 System Simulation Results

To justify fast and efficient frequency regulation offered by
the proposed scheme, the network topology shown in Fig. 1
is considered and using data from Table 2, it is simulated
on MATLAB/Simulink platform as shown in Fig. 8. Since
all the five alternators of ACG 2 are loaded equally, thus,
due to space constraints, output of G1 is only depicted in the
figures following. Operations of over-frequency and under-
frequency relays for load management are envisaged within
frequency range of 48.5-51.5 Hz. To justify the effectiveness
of the proposed technique, three cases have been considered
for comparison:

e Case A: VSC-HVDC system using conventional vector
current control.

e Case B: VSC-HVDC system using conventional vector
current control supplemented with P—f droop control.

e Case C: Proposed frequency regulation technique using
VSC-HVDC system enabled with dynamic converter cur-
rent modulation scheme.

Parameters like converter currents, d-axis component of
voltage at PCC-2, PFC, etc., that are considered in simulation
and parameters which are needed to be calculated for the
proposed control scheme are listed in Table 4.

To demonstrate small, medium and large frequency excur-
sion scenarios, different percentages of load increase are
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Fig.9 a Frequency of ACG 2 and b frequency of ACG 1 for various
scenarios

performed in ACG 2. The simulation results depicting fre-
quency deviations (using proposed technique) in ACG 2 and
ACG 1 are shown in Fig. 9 for the three scenarios. The actual
values of frequency deviations of the two grids, obtained
from the simulations run, are compared with calculated val-
ues obtained from the derived expressions, (7) and (11). The
comparison is presented in Table 5.

It can be noted that actual values of frequency deviations
obtained via simulation are more than those obtained analyti-
cally. This is because of the considered assumption of having
negligible switching and line losses in the AC/DC system.

Using proposed technique, f2 padir, i.€., frequency nadir
of ACG 2, as observed from Fig. 9 are given in Table 6, for
the three scenarios. Also, the limiting values of frequency
deviations for the three possible scenarios viz., Af2 small,
Af 2. medium and Af7 jarge (as calculated Table 4 data and using
(14), (15) and (16)) are also mentioned in Table 6. Here, f 2 jim
is calculated by adding rated ACG 2 frequency (i.e., 50 Hz)
into value of Af2 gman for small excursion scenario and like-
wise. It can be observed that the obtained nadir of ACG 2 is
always maintained better than f )i, for all the three scenar-
ios. Thus, frequency deviations are always limited to less than
the respective predefined values from (14), (15) and (16).

6.1 Small Frequency Excursion

To illustrate a small frequency excursion scenario, a 5% load
increase is performed in ACG 2 at t = 61 s. Figure 10 shows
the resultant outputs for HVDC/AC network. Before distur-
bance application, the entire system was operating at steady
state in which ACG 2 was operating at near to its nominal fre-
quency of 50 Hz. In this scenario, performances of Case B and
Case C are exactly same. This is because the conventional P—f
control has inherent frequency support capability by allow-
ing iq" to take value up to ig.upper- With 5% load increase,
Case A undergoes serious frequency deviation below 49 Hz
(Fig. 10a) as no active power support is available from the
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Fig. 10 a Frequency of ACG 2: Case A. b Frequency of ACG 2: cases
B and C. ¢ RoCoF of ACG 2: Case A. d RoCoF of ACG 2: Cases B
and C. e Active power inverted by VSC-HVDC into ACG 2. f Inverter’s
reference direct-axis current. g Active power output of G1. h DC volt-
age maintained at rectifier. i DC voltage at inverter. j Quadrature-axis
reference current of inverter. k Inverter’s reactive power output. 1 AC
voltage at PCC-2. m Reactive power output of G1. n Inverter’s modu-
lation index for small frequency excursion scenario

inverter while for Cases B and C, frequency of ACG 2 dips
to 49.994 Hz (Fig. 10b). It should also be noted that RoCoF
for cases B and C is less than 0.05 Hz/s (Fig. 10d.) in contrast
to Case A where it is around 0.2 Hz/s (Fig. 10c.). Also, with
absence of power support from VSC-HVDC in case A, its
frequency takes longer to settle to a steady state, while quick
frequency restoration is observed in the other two cases.

Table 5 Frequency deviations in

ACG 1 and ACG2 Scenario AP, Afy.car (Hz) Afy 4 (Hz) AL car (Hz) AL 4t (Hz)
Small 5% — 0.005975 — 0.006065 — 0.0054 — 0.00565
Medium 10% — 0.01154 — 0.01160 — 0.01031 — 0.011
Large 22% — 0.02395 — 0.0256 — 0.02325 — 0.02455
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Table 6 Frequency nadir and

limiting values of frequency Scenario APr2 S 2.nadir (Hz) A](2Asmall/medium/large: (Hz) f21im (Hz)

deviations using proposed

scheme Small 5% 49.993 — 0.01084 49.989
Medium 10% 49.987 — 0.0425 49.9575
Large 22% 49.96 — 0.04304 49.957

Even after switching on additional 5% of system load,
the system frequency drops to just 49.994 Hz for the pro-
posed scheme and Case B. This is justified because as soon
as the frequency deviation occurs, inverter releases addi-
tional power support immediately. Due to the considered
magnitude of PFC (12 pu/Hz) and magnitude of applied load
increase and from (7), the magnitude of frequency deviation
obtained is smaller and, thus, lies in the permissible designed
range only. In fact, the ability to release sufficient amount of
power support instantaneously gives the proposed control an
upper edge over various control techniques listed in litera-
ture.

To regulate system frequency, in cases B and C, the
inverter of VSC-HVDC has released additional 7.2% active
power output over its rated output of 1 pu (Fig. 10e) as com-
pared to case A where it remains fairly constant. This has been
possible due to generation of increased iq” (— 1.09 pu from
rated value of — 1.0125 pu, Fig. 10f), in the OC loop. Due
to such response from the inverter for cases B and C, active
power output of the alternator, G1 of ACG 2 (Fig. 10g.),
remains almost same as its pre-disturbance value (0.6 pu),
thus, causing minimum frequency deviation in ACG 2. How-
ever, in Case A, the burden of providing frequency support
is solely on the alternators of ACG 2 which rise their output
from 0.6 to 0.65 pu. DC voltage is maintained to rated value
at the rectifier station as shown in Fig. 10h. Except a transient
dip in DC voltage at both the stations (Fig. 10i) at the instant
of load switching, the DC voltage is maintained as constant
throughout.

6.1.1 Effect of Dynamic Current Modulation on AC Voltage
of ACG 2 During Small Excursion Scenario

In this scenario, ig" is not allowed to increase beyond iq.upper
(1.1 pu) and iq* kept almost same (0.106 pu) as depicted in
Fig. 10f, j, respectively. As a result, reactive power support
from the inverter to ACG 2 remains fairly constant (Fig. 10k).
However, AC voltage at PCC-2 (Fig. 101) suffers adip of 0.01
pu at the switching instant which recovers quickly afterward.
A small difference between pre-disturbance value (0.99 pu)
and post-disturbance value (0.9865 pu) of AC voltage is also
noted. This is justified because of switching load, additional
25 MVAr are demanded by it while only 0.02 pu, i.e., net
20 MVAr are supplied by all the five alternators of ACG 2
(Fig. 10m). The modulation index at inverter station is shown

@ Springer

in Fig. 10n, which depicts that with the proposed scheme, its
value is better than Case A.

6.2 Medium Frequency Excursion

A medium frequency excursion scenario is exhibited by ini-
tiating a load increase of 10%, i.e., 80 MW, 0.85 pfinto ACG
2 att = 61 s. Before switching on this load, the frequency of
ACG 2 was 50 Hz. Frequency of ACG 2 for cases A and B
is shown in Fig. 11a. It is evident that this switching would
result in tripping of under-frequency relays in ACG 2 when
VSC-HVDC system is controlled with Case A. Using Case B
also results in serious drop in system frequency below 49 Hz.
In contrast when the proposed frequency regulation scheme
is utilized as in Case C, system frequency (Fig. 11b) only
drops to bit less than 49.99 Hz and settles quickly to a steady
state value in about 5 s. In contrast, 20 s are taken in Case
B for frequency to settle. Without having any active power
support from VSC-HVDC in Case A, it takes longer and fre-
quency keeps on oscillating around the nominal value for
more than 100 s. The quick frequency restoration achieved
by proposed scheme is also justified via RoCoF of ACG 2
shown in Fig. 11d which is less than 0.01 Hz/s in contrast
to Case A having more than 0.3 Hz/s and for Case B having
around 0.18 Hz/s as shown in Fig. 11c.

The inverter’s output is shown in Fig. 11e. With proposed
control, inverter is able to supply additional power output
of 13.5% over its rated output, while for Case B, only 7.2%
of additional output is inverted into ACG 2. This enhanced
active support by the proposed control has been viable due
to its ability to modulate its iq” to — 1.2 pu (Fig. 11g.) which
is more than iq.upper value of — 1.1 pu. However, for Case
B, as ig" could not exceed beyond iq upper, thereby limiting
its active power support capability. Without any frequency
support from HVDC in Case A, its inverter’s output and iq"
are almost constant.

With limited support from the inverter in Case B and no
support in Case A and in order to cater the additional load
demand, G1 and other alternators of ACG 2 have increased
their active power output from 0.6 to 0.62 pu in Case B and to
0.67 pu in Case A (Fig. 11f). While for proposed Case C, due
to ample support available from VSC-HVDC via dynamic
current modulation, active power output of alternators almost
remains same. DC voltage maintained at rectifier and inverter
stations is shown in Fig. 11h, i, respectively. For case C, the
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DC voltage deviation is deeper comparatively but only at the
instant of switching load and recovers quickly afterward.

6.2.1 Effect of Dynamic Current Modulation on AC Voltage
of ACG 2 in Medium Excursion Scenario

As explained in Sect. 4 and as shown in Fig. 11j, value of
iq* does not change much in this scenario. As a result, the
reactive power output of inverter prior and after perform-
ing the current modulation remains unchanged (Fig. 11k).
However, for all the three cases, AC voltage of system at
PCC 2 drops nearly to 0.97 pu from prior value of 0.99 pu

(Fig. 111). This is due to additional reactive power demand of
49.6 MVAr by the switched load, in response to which only
0.04 pu that is 40 MVAr additionally are compensated by all
the five alternators of ACG 2 as shown in Fig. 11m. Never-
theless, AC voltage profile is better for proposed control with
respect to both the cases A and B. It should be noted that dip
is AC voltage is more in comparison to the small frequency
excursion scenario which is because of the increased reactive
power demand made by the switched load in comparison to
the prior scenario. The modulation index for the inverter sta-
tion is also shown in Fig. 11n having highest value for Case
C and least for Case A.

6.3 Large Frequency Excursion

To depict system performance for a large frequency excur-
sion, a load increase of 22% is performed in ACG 2.
Frequency of ACG 2 with cases A and B is shown in Fig. 12a
and for Case C in Fig. 12b, respectively. Due to sudden load
increase of a high value, cases A and B suffer serious fre-
quency excursions. While with the proposed scheme used
in Case C, the frequency nadir observed is not just of a
very nominal value of 49.96 Hz but also settles to steady
state within five seconds. In addition, as shown in Fig. 12d,
its RoCoF value is better in comparison to its competitors.
Active power output of inverter is depicted in Fig. 12e. The
quick frequency restoration with proposed control has been
possible due to ability of its inverter to provide additional
active power support up to 30% above its rated output of 1
pu. Such significant active power support offered by inverter
has only been feasible because it has modulated its ig" to take
value equal to — 1.36 pu which is much near to iysc uppers
as shown in Fig. 12f, while in Case B, id* still could not
be increased beyond ig.upper despite of such increased load
demand and large frequency deviation. Thus, in Case A and
B, recovery of system frequency is done by additional sup-
port from G1 and other four alternators which increase their
output from 0.6 to 0.7 pu and 0.69 pu, respectively, as shown
in Fig. 12g, whereas the additional active power output of
inverter, for Case B, is even less than 10% above the rated,
thus, causing increased frequency deviation in it. DC volt-
age maintained at rectifier and inverter ends are shown in
Fig. 12h, i, respectively.

6.3.1 Effect of Dynamic Current Modulation on AC voltage
of ACG 2 in Large Excursion

With proposed control, while iq* gets reduced to minimum
value of iq.min (0.02 pu) as shown in Fig. 12 so that simul-
taneously, ig" can be increased to igpew2, i.€., — 1.36 pu
(Fig. 12f). Due to reduction of iq*, inverter’s reactive power
support gets compromised (Fig. 12k). However, this modu-
lation last for less than one second and as soon as frequency

@ Springer



Arabian Journal for Science and Engineering

5
§5D CA .............
< —Case
g\_t“ -Case B

46) 49.96|

60 80 100 120 60 62 _ 64 66
a. Time(s) b. Time(s)

@
N
<
N
W
[=3
O -
o
4

1 ]
? - -
a-1.1 i
2-1.2) ~Case C
a-1.3
60
€. 66
0.8 :
g ~CaseA___| oo if ~Case A
8 i «Case B $0.98) H -~Case B
) ~Case C o6 ! ~Case C
04560 65 70 75 80 60 62 64 66
g. Time (s) h. Time (s)
—Case A
31 A 0.2 --Case C
e ¥ g
Yo.98l if —Case A gl
3 H ~Case B z0.1
> i ~Case C
%85 62 64 66 Time (s)
i Time (s) i. o1 62 63 64 65
~ ~ 1——Case A--Case B—Case Cq
3 —Case A ~ 3
g CaeB 2o,
>-0.2 ase Se
c ~Case C g o.
(<] =
0.4 go.
60 61 62 63 60 62 __ 64 66
k. Time(s) | Time(s)
0.7
EO.S —Case A
0.5 -~Case B=]
Co4 ~CoeoC —Case A-~Case B-~Case C
080 3 70 085 62 64 66
m. Time (s) n. Time (s)

Fig. 12 a Frequency of ACG 2: Case A. b Frequency of ACG 2: cases
B and C. ¢ RoCoF of ACG 2: Case A. d RoCoF of ACG 2: Cases B
and C. e Active power inverted by VSC-HVDC into ACG 2. f Inverter’s
reference direct-axis current. g Active power output of G1. h DC volt-
age maintained at rectifier. i DC voltage at inverter. j Quadrature-axis
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of ACG 2 starts recovering, iq* regains its pre-disturbance
value and hence, initial reactive power support offered by
VSC-HVDC system gets restored.

Also, AC voltage at PCC-2 (Fig. 121) drops to 0.94 pu
from 0.99 pu but quickly starts recovering within a period
of one second. This drop in AC voltage is due to additional
reactive power demand of 111.6 MVAr by the switched load.
In response, net 100 MVAr are injected by alternators of
ACG 2 additionally (Fig. 12m). Even though reactive power
support compromise, though for a short period, is made in
proposed scheme, still its AC voltage recovery is faster and
better with respect to cases B and A.

@ Springer

7 Conclusion

In this paper, an efficient and dynamic control scheme has
been proposed for quickly regulating frequency of the inter-
connected AC grid using VSC-HVDC system. In fact, it is
shown that by exploiting primary frequency reserves avail-
able with supporting grid at the other end and by proper
utilization of converter’s permissible operating range via pro-
posed technique, disturbed grid’s frequency can be limited
within pre-defined values. Itis shown that for load/generation
unbalances up to 22%, VSC-HVDC can invert additional
30% power above its rated power into disturbed grid. Its abil-
ity to supply additional power when already carrying rated
power so as to mitigate frequency excursion quickly without
any prerequisites or causing time delays imparts it an upper
edge over the listed control techniques. Nevertheless, con-
verter’s reactive power support gets compromised for a very
short period but still better AC voltage profile is obtained in
comparison to conventional control while maintaining fre-
quency stability throughout. The proposed scheme is tested
by introducing various credible load/generation unbalances
in a IEEE14-bus system modelled on MATLAB/Simulink
platform. It is shown that irrespective of severity of the dis-
turbance, system frequency is restored quickly within an
acceptable range. Additionally, load—frequency dynamics of
both disturbed and supporting grids at the two ends of VSC-
HVDC system is demonstrated and verified analytically as
well as via simulations. Also, system stability analysis by
tracking trajectories of eigenvalues in response to increase in
values of power frequency coefficient has also been analyzed.
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A High PFC Integrated AC-DC Circuit With
Inherent Lossless LCD Snubber

Vinod Kumar Yadav, Member, IEEE

Abstract—This research presents an isolated single-stage-
single-switch integrated LED driver with high efficiency, high
input power factor (IPF), and in compliance to the strin-
gent IEC61000-3-2 and ENERGY STAR standards. The pro-
posed integration combines the power factor correction (PFC)
SEPIC and power control (PC) flyback converters. The flyback
converter in the PC stage operates in DCM to achieve a higher
IPF. The PFC stage consists of an inductor-capacitor-diode (LCD)
which together functions as an inherent lossless snubber. The
LCD clamps the peak voltage spike of the switch to a lower
voltage during the switching transient. In addition the inherent
LCD snubber recycles the leakage inductance energy which is
shared between the PFC stage and the load. The inherent snubber
operation reduces the extra cost and space that would incur
because of an additional auxiliary snubber circuit. Unlike a
conventional AC-DC system with a snubber, the driver works in a
non-resonant mode. The proposed system’s operating principles,
mathematical analysis, and theoretical conclusion are discussed.
The simulation results are verified by using a 60W/65V hardware
prototype. The proposed topology achieve an efficiency of 91.8%
with an IPF of 0.995 with less than 5% input current harmonics.

Index Terms—Integrated, light emitting diode, LCD snubber,
power factor correction (PFC), flyback, SEPIC, single stage.

I. INTRODUCTION

Light Emitting Diode (LED) history is over a century
old, and the development of the blue LED in 1994 by the
Nichia company opened the door for its vast applications for
commercial and practical purposes. LEDs applications are not
just restricted to illumination, it is nowadays used to control
the light with WiFi/GPRS/Zigbee/loT/Bluetooth, it is used to
transfer data, and in some circumstances it helps plants to
grow and create carbon credit. It is also used in healthcare
facilities and can detect motion. When compared to other old
lighting methods, LED has several advantages, including a
long life cycle, a wide colour range, better thermal capability
and control, better resistance to mechanical shock, small sizes,
packages and cost, and strict adherence to RoHS regulations
[11-[3].

The only disadvantage with LEDs is that they cannot be
directly linked to the power supply. Thus, it is essential to
drive the LED through a current-controlled power utility (LED
driver circuit). The LED driver’s goal is not only to drive the
LED but also to meet all of the prerequisite stringent criteria
for its safe and cost-efficient operation. While working with a
LED load, it is fundamental to meet the IEC61000-3-2 class C
standard for harmonic content in input current with IPF as per
the Energy Star program’s minimum requirement [4]. Usually,
a LED driver circuit consists of a rectifier connected to a power
factor correction (PFC) circuit in order to improve the power
quality in terms of harmonic content and power factor at the

supply side and a power control (PC) DC-DC converter to
regulate the load power and obtain the desired power quality
at the load side. Generally, a single-stage LED driver does
not meet the prerequisite power quality criteria. A two-stage
LED driver is best suited to meet the desired power quality
standards such as high IPF, low total harmonic distortion
(THD), low crest factor and a regulated output. However, a
two-stage driver is not ideal for low-power applications since
it is bulky, expensive and complicated due to the presence of
multiple switches [5]. An integrated stage LED driver is used
to address this size and cost issue. In an integrated stage LED
driver system, the PFC stage and the PC stage share a common
switch; they work the same way as a two-stage converter, but
with only one switch. As a result, switching losses are reduced,
and with a minimum switch driving circuit, it is simple and
cost-effective exhibiting the power quality characteristics of a
two-stage LED driver while preserving the benefits of a single-
stage LED driver [6].

In switch-mode operation for the integrated LED driver
circuits, the switches share both the PFC and PC stage and
are thus subjected to over-current and over-voltage stress,
resulting in higher switching losses. Among the many inte-
grated LED drivers, flyback converters are the most widely
used. In general, it is observed that the leakage inductance
energy trapped in them results in a significant voltage spike at
the switch. Therefore, a turn-off snubber is inevitable to limit
the spikes and overcome the EMI issue as well. With an
aim to reduce the size, weight and increase the power density,
an increase in switching frequency also aggravated the above
shortcomings.

An RCD snubber reduces the turn-off switching losses
and switching voltage spike [8]. However, due to the energy
dissipation in the snubber resistor, it fails to recycle all of
the leakage energy back to the supply. Additionally, these
snubber circuits have large circulating currents, resulting in
increased power dissipation in snubber components. The RCD
snubber recovers the leakage energy and redirects it to the
input power supply. This process delays the flyback secondary
side’s conduction time and also increases the flyback circuit’s
rms current. An active snubber in flyback integrated topologies
is a better solution to this issue [9]. However, this comes at a
cost of additional switching elements and a complex algorithm
for the controller [11]-[12]. An active LC-based snubber is
reported in [13]; however, this topology’s working is complex
and costly due to additional switches. An alternate approach
to active clamp the leakage energy is given in [14], where
two flyback converters are cascaded with 180° phase shift;
the suggested circuit achieves a high efficiency under ZVS
and recycles the energy from the leakage flux but looses the
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galvanic isolation. Another cascaded approach of two flyback
circuits to mitigate the leakage energy issue mentioned in [15],
requires two switches and thus topology becomes bulky. Two
cross-coupled inductor-capacitor-diode (LCD) snubbers where
the primary flyback is linked to the secondary snubber and
vice versa is reported in [16] to address the leakage energy
issue; however, it adds a level of complexity to the topology
and control. A simple passive lossless turn-off snubber with an
attempt to achieve high power conversion efficiency at a low-
cost with a design to minimize switching losses is presented
in [17], but the attained efficiency is low. In [18], an inherent
lossless snubber circuit based single-stage-single-switch AC-
DC-LED driver topology is proposed. However the achieved
IPF and input current THD are less appreciable. Considering
all of the above-mentioned efforts, and to resolve the prevailing
issues of deteriorated power quality in isolated integrated
flyback LED driver circuits, there is a necessity to develop
an inherent snubber-based high-power quality integrated LED
drivers with lower component counts and reduced control
complicity.

On this line, this paper presents a single-stage-single-switch
AC-DC system for LEDs where the PFC SEPIC and a flyback
PC stage are integrated, operating under the discontinuous
condition mode (DCM). The proposed integration results in the
formation of an inherent LCD snubber that recycles the energy
of the leakage inductance and shares between the PFC stage
and the load. The leakage energy absorbed by the PFC stage
ensures a constant voltage snubber operation; this clamps the
switch’s voltage, reducing power loss and making the system
more efficient. This paper is arranged as follows: Section II
introduces the integrated LED driver circuit and depicts the
proposed integrated driver’s operating principles, as well as
the converter analysis. Section III discusses the design process
and mathematical considerations, whereas Section IV brings
out the discussion on the snubber circuit. Section V includes
the simulation and experimental outcomes. Finally, Section VI
concludes the proposed work.

II. ANALYSIS OF THE PROPOSED INTEGRATED PFC
TOPOLOGY

Fig. 1(a) and Fig. 1(b) portrays the circuit diagram of the
proposed LED driver and its simplified version respectively.
The combine operation of S; and Ss is achieved through a
single switch Sy, resulting in reduced gate driver requirement
and control complexity. The proposed integration of SEPIC
and the flyback converter performs the function of both PFC
and PC. Structurally, the circuit comprises of slow recovery
bridge rectifier diodes (Dy - Dy4) with Lj, and Cj, as filter
components, L and Lo as energy-storage inductors, D5, D,
D7 and D, are intermediate and load side diodes, Cpj, C1,
C5 and C, are DC offset, intermediate and load side capacitors
respectively. The inherent lossless LCD snubber is composed
of Ly, Co, and Dg. As seen in Fig. 1(b), the capacitors C; and
C5 clamps the undesired voltage spike of the flyback winding
during tun-off. Further the arrangement of Lo, Cs, and Dy
forms an inherent lossless LCD snubber working in a non-
resonant mode, thereby, the need for an additional snubber

Fig. 1. (a) The proposed LED driver topology. (b) Its’ simplified integrated
version.

is eliminated. The proposed LED driver circuit’s steady-state
theoretical and operating modes are given in Fig. 2 and Fig. 3
respectively. The following assumptions are used to simplify
the steady-state analysis: All the diodes and switches are
ideal and without any parasitic components, inductors and
capacitors are ideal. Leakage inductance Ly, which is much
smaller than magnetizing inductance L, are added to an
ideal transformer to represent a non-ideal transformer with a
turn ratio n = N,/Ns. The output capacitor is large enough
to maintain a constant output. The switching frequency is
much higher than the line frequency, hence input to the PFC
stage is assumed a constant. The capacitors C; and Cy are
initially charged and their voltages (V, V) are constant and
sufficient enough to reset the flyback transformer. Following
eight modes describe the complete working of the proposed
topology.

Mode 1[¢1-t2]: This mode begins with switch (Sy) turn-
on, the voltages Vpc, V1 and Vi, are applied to inductor L,
Lo and Ly, and their currents increase linearly. During this
mode, diode Dg and D7 are reverse biased and withstanding a
voltage of Vi and Ve; + Vo - Vpe. The polarity of potential
across C7 and C5 turns on the diode Ds. The duration of this
mode is short and ends with the current reversal in Lo.

Mode 2[t;-t3]: During this mode, currents in inductors L,
Lo, and Ly, reach their peak values. The load capacitor C,
and magnetizing energy from primary winding via diode D,
supplies the load. The voltage stress across Ly, and Ly is Vpc.
Switch turn-off marks the end of this mode.

Mode 3[t3-t4]: Switch turn-off decreases the instantaneous
current in I,y and Lo, reverse biases the diode D5, while D,
remains off and the diode Dg starts to conduct. Voltage across
D5 and D7 clamps to V¢ - Vi and Vey + Vo - Vpe. The
total voltage across L, and Ly reduces to Vpc -V and Vi
is the voltage across the Sy,. The energy of leakage inductance
Ly is partially absorbed in the PFC stage by C; and C and
is partially transfer to the secondary side. The energy transfer
maintains the a constant voltage across C; and Cs resulting
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Fig. 2. Steady-state theoretical waveform of the proposed converter.

in reduced voltage stress and spike across the switch.

Mode 4[t4-t5]: This state commences as the leakage induc-
tor current ceases. The magnetizing inductance L, discharges
linearly into the output capacitance C,, through the transformer
secondary, while the snubber circuit remains idle, preserving
the snubber capacitor voltage V(,. Here, the current I,
reverses, thus the instantaneous polarity change in the voltage
across Lo turns on diode D7, while current in Ly and L,
further decreases linearly.

Mode 5[t5-tg]: In this mode diode D5 and Dg are off
withstanding a voltage of V(| - V-, and V¢, - nVj, respectively,
while diodes D7 and D, remains conducting.

Mode 6[ts-t7]: With diodes D5 and D7 conducting, current
11, reaches its negative peak. The magnetising inductance Ly,
of the transformer discharges through diode D, and feeds
current to the LED via diode D,. The zero current through
L1 marks the end of this mode.

Mode 7[t;-tg]: This mode starts with the reverse biasing of
diodes Dg and D withstanding a voltage V¢; - nV;, and V¢
+ Viz - Ve respectively. While diode D5 remains conducting,
the zero current through magnetizing inductor L, marks the
end of this mode.

Mode 8[tg-t9]: During this mode, except for diode Ds,
the rest of the semiconductor devices are off. The diode D,
withstands a voltage of V, +Vo/n, while the output capacitor
C, feed the load current. This mode lasts till the end of the
switching cycle.

III. INTEGRATED LED DRIVER CIRCUIT DESIGN
CONSIDERATIONS

This section provides a complete analysis and mathematical
descriptions of the proposed LED driver circuit. The input
voltage is sinusoidal and given as Vj,(t)=<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>