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Abstract: As the penetration of renewable energies increases, their acceptance of the power grid system is
becoming an important issue. In the case of South Korea, a 22.9kV transformer is frequently utilized to reduce
the power loss of the generated renewable energy transmission, so the power quality at the point of common
connection (PCC) is inevitably influenced by the nonlinearity of the transformer and the uncertainty of the
inductance and resistance of the transmission line. In this paper, we present a point of common connection
voltage-modulated direct power control (PCCVM-DPC) system that enhances power quality at the PCC. First,
we present the mathematical dynamics of active and reactive power at the PCC side, which contains the step-
up transformer’s nonlinearity, the grid voltage harmonics, and the parameter uncertainties. By analyzing the
disturbance terms of the PCCVM-DPC system, we present the disturbance observer (DOB) for the PCCVM-DPC
system. To assess the efficacy of our approach, we perform comparative studies of the PCCVM-DPC without
DOB and PCCVM-DPC with DOB by constructing the simulation environment based on the commercial step-up
transformer and ESS inverter datasheet. We have validated that the active and reactive power control performance
of the PCCVM-DPC with DOB outperforms the PCCVM-DPC without DOB from the observation that the current
total harmonic distortion reduced more than 40% compared to the PCCVM-DPC without the DOB.

Keywords: grid voltage modulated power control; point of common connection; energy storage system; voltage

source inverter; disturbance observer; total harmonic distortion

1. Introduction

At the end of 2023, global renewable power capacity had reached 3870 GW. Photovoltaic power
generation accounted for the largest share of the global total, with a capacity of 1419 GW [1]. As the
penetration of renewable energies is increasing into the power grid system, irregular power generation
from the renewable energy system is starting to raise grid instability. To remedy these issues, charging
and discharging strategies of a grid-connected energy storage system (ESS) have been researched [2—4]
coupled with the power grid [5]. Therefore, an active and reactive power control performance of
the grid-connected ESS inverter system can impact the power fluctuation of the point of common
connection (PCC) side, and it can cause inefficiency of the power grid system [6]. Specifically, an
amount of active and reactive power flowing through the electrical substation can not exceed the
installed transformer capacity, so the excessive power fluctuation caused by the grid-connected ESS
inverter system can reduce the utilization efficiency of the installed substation system. Therefore,
research on the inverter control performance enhancement to reduce power fluctuation can provide a
practical solution to enhance renewable energy acceptance in the grid system while not increasing the
current electric substation capacity.

A total harmonic distortion (THD) of the phase currents and voltages at the PCC side directly
impacts the electronic device’s lifetime [7-9], so in the case that the 3-phase voltages can be considered
as the balanced conditions, the performance of the grid-connected ESS inverter control can be evaluated
with the THD. The voltage harmonics are caused by the nonlinear loads and inadequately generated
voltage from the generators [10], so it can be regarded as an uncontrollable factor to the inverter control
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system except for the weak grid conditions. Therefore, reducing the THD of the phase currents from
the given voltage harmonic condition is important while performing active and reactive power control.

A vector current control (VCC) method is one of the control methods to stabilize a voltage source
inverter (VSI). From the desired active and reactive reference given from the PMS, the set point of
the d and g-axis currents can be calculated, and a proportional-integral (PI) control structure with
a feedback-linearization controls the phase currents to track the set points. So the power control of
the VSI can be performed [11-13]. In this control scheme, a Park transformation is needed to convert
3-phase alternating grid currents/voltages to the d-g frame signals, and it needs a phase angle of the
grid. Although a phase-locked loop (PLL) estimates the phase angle VCC [14], it is reported that
the estimated position contains a delayed phase during the transient regions [15,16]. Therefore, the
non-uniform estimation result of the phase angle at the transient regions impacts the performance of
the VCC. Furthermore, the harmonics of the phase voltages directly impact the estimated result, which
can destabilize the grid system [17-19]. Furthermore, the PI control of the VCC does not guarantee the
robustness for unknown uncertainties such as parameter variation, so it is not easy to perform currents
decoupling [20,21]. In [22], disturbance observer-based inverter control is proposed by assuming that
the disturbance of the grid system only has a sinusoidal waveform that oscillates at the fundamental
frequency, particularly when the grid voltage does not include harmonics. However, to the best of
the author’s knowledge, as the step-up transformer is going to be included in the grid-connected ESS
inverter system, other structures of the disturbance observer should be developed to estimate the
harmonics components.

Recently, a grid voltage modulation direct power control (GVM-DPC) [23] has been proposed to
reduce the dependency on the PLL. From the comparative study between the VCC and the GVM-DPC,
the outperformed power control performance in the transient region has been verified [24,25]. To
enhance the robustness of the GVM-DPC, sliding mode control (SMC) with the zero-dimensional
sliding surface is applied and shows the enhanced performance [26]. There exist researches that apply
the robust controller to less affected by chattering of the SMC, targeting the VCC or PLL system [27-
31]. Although the sliding mode-based control structure has an outperformed performance for the
unknown and bounded disturbance of the system, to the best of our experience, a heuristic gain tuning
process is needed for the control design step. Furthermore, there is no analytical research on the
disturbances components in the case that the step-up transformer is included in the GVM-DPC system.
For that reason, in this paper, we present a point of common connection voltage-modulated direct
power control (PCCVM-DPC) system by considering the nonlinearity of the transformer characteristics.
By analyzing the disturbance terms of the PCCVM-DPC system, we newly present the disturbance
observer and its compensation logic, which has a well-known gain-tuning process due to its linear
structure. To assess the efficacy of our approach, we perform comparative studies of the conventional
GVM-DPC and the PCCVM-DPC by simulating the transformer based on the commercial transformer
datasheet. The outperformed power quality at the PCC of the proposed method shows its effectiveness.

The main contribution of this paper is summarized as follows:

* Modeling of the active and reactive power dynamics for the PCCVM-DPC, including the step-up
transformer.

* Analysis of the disturbances that existed in the PCCVM-DPC system.

¢ Disturbance observer design and adaptive disturbance rejection control structure for the PCCVM-
DPC system.

¢ Validation results performed in the transformer included simulation environments.

The remainder of this paper consists of Section II, which describes the system modeling of the
ESS/VSI including the transformer nonlinear characteristics and the disturbance observer and the
PCCVM-DPC, Section III for the validation results, and Section IV for the conclusion.
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2. Main Contents

To reduce the power fluctuation and the total harmonic distortion (THD) of the phase currents at
the point of common connection (PCC), in this section, we newly derive the instantaneous active and
reactive power dynamics at the PCC, including the step-up transformer characteristics. We analyze
the disturbances that hinder the power tracking performance from the newly derived dynamics.
Furthermore, we newly present a disturbance observer and a point of common connection voltage
modulated direct power control (PCCVM-DPC) structure, including the disturbance rejection control.
And, the closed-loop transfer functions are analyzed to expect the stability and effectiveness of the
proposed method.

2.1. Active and Reactive Power Dynamics at the PCC Including Step-Up Transformer

Figure 1 shows the schematic of a voltage source inverter (VSI), connected to the grid system.
Let us distinguish the 3-phase system by defining j as j € {a, b, c}. Let us define the output voltage of
the VSl as u i Vj € {a, b, c}, the line filter inductance as L i and the resistance as R f,j- Letus define the
currents flowing from the IGBT of the inverter to the beginning of the low voltage bushing as iim,,j. Let
us define the voltage at the end of the line filter as v;,,,, ;. Then, the voltage drop equation from u; to
the end of Ry ; is represented as

d, . .
uj= Lf,j%linv,j + Ry jiino,j + Vinv,j, Vi € {a,b,c}. 1)

“pr:{:.k': Yk S {ll“ 3}
Inverse GVM

Power
Calculation (13)

[ua 1 [Upcc,a —Upccﬁ] [EP] up PCCVM-DPC
Q

ugl = yz, Vpeep  Vpcea uQ (28), (29), (30) T
\ Upeek, Yk € {a, B}
Voce = [Vpeca + Vpecss N dp, dQ (7 7
- ~\ A A@
Proposed DOB
DC voltage (19), (20) W fpeey  Upees
1 ) )
i . i Upce,js tpee,js Vi€ {”‘: b, (:}
] 1
1 1 Load
H . Ty @ Mg |
E -I B -I N -I \Lf‘n. Rj‘.a Lp,a Rp,a Ip.a .‘D :zs,uLs,u Rs,u i I
: Energy Ua ! Vinwv,a ll:e:t;r:‘rL + + " ! : i ) PCC
i Storage Up e i Grid
, 1
E System Up fo . Reve Lege UPia Us,a E Goal : Reducing
H _I 4 _I i _I i I power fluctuation "\DUPCCJ
' S - - |at the transformer’s
! | secondary parts
i_ Voltage Source Inverter Step-up Transformer i

Figure 1. Schematic of the grid-connected voltage source inverter with the step-up transformer and the
proposed PCCVM-DPC and proposed DOB.

Let us define the line resistance including the transformer’s primary winding as R, ;, the line
inductance including the transformer’s primary winding as L, ; and terminal voltage of the primary
partas v, ;, Vj € {a,b,c}. Then, the voltage drop equation from v;,, ; to the end of R, ; is represented
as

d, .
Ving,j = Lp,jalimhj + Rp,]‘linv,]' +Tp,j- (2)

Let us define the primary winding current as i, ;, the number of primary winding turns as n,, the
secondary winding current as i j, the secondary voltage of the transformer as v, ; and the number of
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secondary winding turns as 7n;. Then, the current and voltage relationship of the step-up transformer
is represented as

oM ns
i = e s = , vp,j, Vj € {a,b,c}. (3)

To consider the hysteresis characteristic of the transformer, let us define the excitation current as
lexc,j, core loss resistance as R,y ; and magnetization inductance as Ly, Vj € {a,b,c}. Then, the
relationship between i, ; and ij;,,; is represented as

ip,j = iinv,j - iexc,jr v] S {a/ b, C}~ (4)

Let us define the line resistance including the transformer’s secondary winding as R;, the line
inductance including the transformer’s secondary winding as L; ;. Let us define the flowing current at
the PCC as iy j, and the measured voltage at the PCC as Upee,js Vj € {a,b,c}. Then, we can represent
the voltage drop equation from v, ; to the end of R; j as

d. ) )
Us,j = Ls,jalpcc,j + Rs,jlpcc,j + Upec,j» Vj € {a,b,c}. ()

By considering that is ; = i, ; and plugging (1)-(4) into (5), we can represent the dynamics of
ipec,j with respect to u; as

ny) d.
Lf —|—L ,] n, +Ls’jn75 ElPCC/j

{Rf +R ']1’1 +R/] }ipcc,j

(6)
d. d ) ; )
+ Lyjgplexc + Lpjorlexc + R jlexcj + Rp jlexc
n .
+ —pvpcclj, Vj e {a,b,c}.
Nns
For the simplicity of the notation, let us define the equivalent inductance as L., j, the resistance as R, j,
uncertainty caused by the leakage currents of the transformer as A,y j, such that
Legj = Lf —I—L ,] +L,] e
p
Req,] = Rf + R /] + RS,]‘*, (7)
My s

d . d. . . .
Aexc,j = Lf,jazexc,j + Lp,jﬁlexc,j + Rf,jlexc,j + Rp,jlexc,jr V] € {a/ b, C}-

By using the Clarke transformation, current dynamics in the stationary reference frame are represented
as

a. . n
Leq,kﬁlpcc,k = _Req,klpcc,k + U — Aexc,k - nP Opece ks Vk € {‘X/ ﬁ} 8)
s

Since electrical parameters have an uncertainty according to the temperature, let us separate the
nominal values (Rp, L) and parameter uncertainties (AR, ALy), such that

Leq,k = Lo+ ALy, Req,k = Ro+ AL, Vk € {0&,,3}. 9)
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By replacing L, x and R, x of (8) with (9), we obtain
— =—— — — AV — —— 10
dt lpcc,k LO lpcc,k + LO Uy + LO k LO s vpcc,kr ( )

where p
AVk = _ARkipcc,k - ALkEipcc,k - Aexc,kr Vk € {“r ,B}

The PCC voltages v x can be decomposed as the fundamental frequency component and the
harmonics, so let us define V,, as the magnitude of the fundamental grid voltage, and wy is the
fundamental frequency of the grid voltage. Then, we can represent v as

Vpeen = ng cos (wft> +a(t),

(11)
Opeesp = Ve, sin(wyt ) + B(t),
where a(t) and B(t) indicate harmonic components. The time derivative of (11) is represented as
d . .
Evr’cw = —wngf sm(wft) + a(t)
= —wyv + Ao
fYpcc,B pee,u (12)

d .
J30pccp = wy Vg, cos(wyt) + B(t)

= WfOpce,n + Avpcc,ﬁ
where
Avpea = wpP(t) +a(t), Avpeep = —wra(t) +B(t).

Let us define the instantaneous fundamental components of the real and reactive powers at the PCC as
Ppcc and Qpcc, where

3 . .
Ppcc = 5 (vpcc,alpcc,tx + vpcc,ﬁlpcc,ﬁ)r

3 (13)
Qpcc = 5 (vpcc,ﬂipcc,tx - Upcc,acipcc,ﬁ)-

A time derivative of (13) are expressed as follows:

d 3 dvpcc,a . dipcc,tx dvpcc,ﬂ . dipcc,ﬁ

e = 5 (g ivea +open =G 4 = pecp e (14
d . 3 dvpcc,ﬁ . dipcc,zx dvpcc,a . dipcc,ﬁ

EQpcc =5 (7‘# Ipec,a + Vpec, it dr Ipee, — Upcen VT )

By substituting (10), (12) by %vpcc,kr %imc’k of (14), the dynamics of Pycc and Q. are represented as

d R 1 3
Eppcc = _foppcc - Wprcc + fdP + i(vpcc,txutx + vpcc,ﬁuﬁ)
p 0 0 0 (15)

R 1 3
*Qpcc = _fstcc + (Ufppcc =+ deQ + TLO(UpCC,/Sua - Upcc,txuﬁ)
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where

3 . j
P = 5{LoAVpecatpeen + LoATpc, ﬁZPCCﬁ

+ Upee, «AVy + Upcc, ﬁAVﬁ ( Upec,a + Z]pcc ﬁ)} (16)

do = E{LOAvpcc,ﬁipcc,a - LOAUpcc,zxipcc,ﬂ
+ vpCC,‘BAVlX - ’UpcclaAVﬁ}.

Let us define PCCVM-DPC inputs as up and g, which is similar to the GVM-DPC system [26], where

up | _ Upce,atba + Upee, pUp 17)
ug —Upee,gUa + Upec,altp

By plugging (17) into (15), we can obtain concise active and reactive power dynamics as

d Ry 3 1
Eppcc = _foppcc - wapcc + muP + deP

0 3 1
EQPCC = _TOQPCC +wfppcc 2L, 7 UQ + Lo dQ

(18)
Therefore, the harmonics of the PCC voltages, uncertainties of electric parameters, and the nonlinearity
of the transformer are represented as lumped disturbance terms of the active and reactive power
dynamics. Based on these active and reactive power dynamics, the disturbance observer for the
PCCVM-DPC system and disturbance rejection control structure are presented in the next subsections.

2.2. Disturbance Observer Design for PCCVM-DPC

Since multiple uncertainties are included in the disturbance terms dp and dg of (18), it is expected
that the proper disturbance estimation and compensation control logic can reduce the power fluctuation
during the power control, which enhances the acceptance of the grid-connected ESS. In this section, we
propose the structure of the disturbance observer for the PCCVM-DPC system and its stability analysis.
To design the proposed DOB, let us define the estimated value of dp, dg as dp, do. Let us define the
estimated value of Ppcc, Qpec as lspcc, QPCC, which are used for disturbance estimation. Let us define the
estimation error of dp, dg as dp , dg, and the estimation error of Ppec, Qpec as Ppee , Qpee, such that

Ppcc = Ppcc - ppcc/ Qpcc = Qpcc - Qpcc (19)

(ipde—dAp, EiQZdQ—dAQ.
Let us define the observer gains as [, and ;. Then, from (18), the structure of DOB for the PCCVM-DPC
system can be designed as

d s Ro 3 1
Eppcc: Lo —Ppec — wapcc+2L MP+L d

dp = Lo(lyPycc +1; [ Ppecd)
2

d ~  Ro P 3 1 J (20)
EQPCC = —fOQpcc + wWgLpee — mug + fO 0

= LO(popcc +1; / Qpcch)-

=
e}
|
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From now on, let us describe the stability analysis and the frequency response analysis of the
proposed DOB structure. From (18) and (20), we obtain following equation

d D) 5 N —
SiPoee = ~lpPoec Iy [ Ppecdr + Ly,
(21)

i i : )
EQPCC - _ZPQPCC - lZ / Qpcch+ LO 1dQ.

By defining Laplace transform as .#(-), we can represent each results of Laplace transform for Py, dp,
dp , Qpee, dg rimd dg as Ppec(s) = £ (Pyec), Dp(s) = £(dp) and Dp(s) = Z(dp), Qpec(s) = Z(Qpec),
Dq(s) = Z(dg) and Dg(s) = £(dg). From (21), we obtain

L>1s - L:1s
0 Dp(s), Qpec(s) 0

P =_—0°-
pec(s) s2+1ps +1; P

=————D . 22
s2+1ps +1; Qls) (22)

By performing time derivative of dp in (19), we obtain following equations

= dp — L(](lpﬁpcc + lippcc) (23)
d~Q = dQ - LO(Zprcc + liQpCC)'

From the Laplace transform of (23) and substituting Ispcc as (22), the transfer function between dp and
dp are represented as

& . lps +1; _ 52 ' (24)
Dp S241lps+1 2+ 1s+]
To discuss the gain tuning process of [, and [;, let us represent (24) as
b 2
Dp(s) s (25)

Dp(s) B 0(5/P01+1)(S/P02+1)'
1y++/2—4l; 1,—/2—4l; B
ﬁfp pfp and K, = ;7.

2.3. Disturbance Rejection Control of the PCCVM-DPC system

Let us define the desired active power at the PCC as chc, and the reactive power command as

where py,1 = s Po2 =

Q‘écc. Then, we can define tracking errors of each power as

_ pd
ep *Ppcc_PpCC/

(26)
eq = Qpec — Qpec-
By differentiating (26) and plugging (18), we obtain
ep = P,'fcc — Ppec
=Pl + Iz—gl’pcc + wWfQpec — ;Toup - Liodp, o

€Q - Q(:)CC - Q].’)CC
. R 3 1
_ 4 0
= Qpcc + 7LO Qpcc - wfppcc + TL() ug — 7L0 dQ-
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Let us represent the control inputs up and ug as

2L _
Up = ueq,P_?uP/
2L (28)
UQ = Ueg,Q + TuQ

where u,, ;, Vj € {P, Q} are equivalent feedback control law, and i i Vi€ {P,Q} are the disturbance
rejection control law, such that

2. 2Ly [/ R .
(29)
2 4 2L [ Rg .
Ueq,Q = 3 Q— 3 <LOQPCC - Clffppcc + Q?)CC)/
iip = —kp€p — ki/EPdT,
(30)

le = —kpeQ — k,‘/eQdT

where k;, and k; are the control gains. By substituting up and ug of (27) with (28)-(30), the tracking
error dynamics of PCCVM-DPC system with the proposed control method are represented as

ép = fkaP - kl‘/EPdT — LLJP,
1 (31)
éQ = _kpeQ - ki/EQdT — deQ

By defining Laplace transform as .Z(-), we can represent each results of Laplace transform for ep
and eg as Ep = Z(ep), Eg = Z(eg). Then, we can represent the transfer function from d~] to e,

Vje{P,Q} as

E__1 s
f)]' N L052+kps+ki
= KC S
(s/pe1 +1)(s/pe2 +1)

(32)

where K. = —(Lopape) L.

Remark 1. In the case that the disturbance observer is not utilized for the PCCVM-DPC system, dp and cfQ
are regarded as 0, which means Dj = D;j. Therefore, from (19) and (32), we can obtain the closed-loop transfer
function between d; to e; Vj € {P,Q} as

E; s

L = K, .
b, G T D/ pa D) (33)

From (25) and (32), we obtain the closed-loop transfer function of the proposed PCCVM-DPC
control method as

Y KK >
ﬁj Y C(S/Pol +1)(s/po2 +1)(s/par +1)(s/pe2 + 1)

(34)
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From K, of (25), we can expect that the robustness of the proposed PCCVM-DPC with DOB for the
disturbance is improving as /; is increasing. Compared to PCCVM-DPC without the DOB, which is
discussed in Remark 1, we expect that the power control performance of the proposed PCCVM-DPC
with the DOB outperforms the one without the DOB. The gain tunning of the second order transfer
function can be performed by setting the natural frequency and the damping ratio.

0
)
< -200 |
)
Z-400 | .
Sy K
éE -600 | ——PCCVM-DPC with PI, (33) |
=) ——PCCVM-DPC with PI+DOB, (34)
-800 . ! !
0 200 400 600

Freq (Hz)
Figure 2. Closed-loop bode plot of PCCVM-DOC with PI and PI+DOB

Wi
FENYTI | W R YYYY N - wm»—i Bl
I [ 1w
Ao ob— e - @—'
- - -
YW “ Wy Comnd
| | =
Filter I Transformer || Line impedance Measurement . . .
Impedance 380V -22.9kV" Uncertainties (PCC) Grid Voltage with Harmonics
| (v-etta) I

| - — 2

Figure 3. Schematic of the Simulink/MATLAB simulation environments
3. Validation

3.1. Simulation Environment

To validate the proposed PCCVM-DPC with the DOB, we constructed the simulation environment
with Simulink/Simscape specialized power systems library as shown in Figure 3. The fundamental
frequency of the grid voltages is set as fo=60Hz. To simulate the characteristics of the IGBTs, the
simulation step time is set as T; = 100nus, and the backward-Euler discrete method is utilized for
the inverter and transformer of the simulator. The pulse width modulated (PWM) frequency of the
inverter is set as fywm = 10kHz, the PWM signals are center-aligned and the rising time delay for
the complementary PWM signals is set as t; = 6ps. The measurement sampling frequency of the
ipce,js Vj € {a,b,c} and the control frequency are set as f.;,; = 20kHz, and forward Euler method
is utilized for the controller and observer. We set the step-up transformer and the ESS inverter
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parameters by referring to the LS electronic product datasheets and the IEC 60076-11 (Transformer:
250k VA 400V /22kV-60Hz, ESS inverter: two modules of 125 kW inverter) [32-34]. Table 1 shows the
simulation configuration parameters and the power grid system parameters illustrated in Figure 1. By
considering the fundamental frequency of the grid voltages and the DC-offset of the closed loop bode
plot, we selected the control gains to have duplicated poles, and its natural frequencies were set as 420
Hz, such as p.1 = pe2 = 27 x 420. Furthermore, observer gains were also selected to have duplicated
poles, and their natural frequencies were set as 1200 Hz, such as py1 = po2 = 27 x 1200.

Table 1. Parameters used in simulation [32-34]

Param Value Unit Param Value Unit
Ts 100 ns Setrl 20 kHz
fpwm 10 kHz t4 6 us
fo 60 Hz Vie 1000 A%

L f 6.00 mH R f 0.15 @)
Ly 9.7  wH R, 2.7 mQO
Ls 0.33 H Rg 9.63 QO
Lexc 663.15 H Rexc 1.851 MQ
Vi 380 \Y Vs, 229 kV
kp 5277.9 - k; 6.940e6 -

lp 1.508e4 - I; 5.685e7 -

Figure 2 shows the comparative bode plot results between PI (33) and PI+DOB (34) based on
the selected ky, k;, [, and [;. The blue line indicates the amplitude of (33), and the red line indicates
the amplitude of (34). From (16), we can expect that the unknown disturbances consist of sinusoidal
harmonics in which the fundamental frequency is 60 Hz, and from the bode plot, we can expect that
the power tracking performance of the proposed PI+DOB is robust to the unknown disturbances
compared to the conventional PI control structure.

3.2. Validation Results for Different Voltage Harmonic Conditions

The total harmonic distortion of the voltage is one of the important factors in operating power
grid devices. We intentionally injected various harmonics into the grid voltages to validate the control
performance for the disturbances. These harmonics are represented as «(t), (t) of the (11) and
consequently changing dp and dg of (16).

e Case1-1: a(t) ~0and B(t) ~ 0.

e Case 2-1: a(t) = 0.015cos(5 x 27 fot) 4 0.025 cos(7 x 27 fot) and
B(t) = 0.015sin(5 x 27t fot) + 0.025sin(7 x 27 fot).

e Case 3-1: a(t) = 0.03 cos(5 x 27 fot) + 0.05cos(7 x 27 fyt) and
B(t) = 0.03sin(5 x 27 fot) + 0.05sin(7 x 27 fot).

Figure 4 shows the total harmonic distortion (THD) of each case and fast Fourier transform (FFT)
results of V¢ 4. Active power command of the power conversion system (PCS) is applied up to 125
kW, which is the maximum value of the one power electronics building block of LS electronics PCS
products. The blue colored line of this subsection indicates the validation results of Case 1-1, the red
colored line indicates the results of Case 2-1, and the yellow colored line indicates the result of Case
3-1, respectively.
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Figure 4. Fast Fourier Transform (FFT) result of vpcc,q

Figure 5 show the estimated disturbance results. As the amplitude of the harmonics is in-
creasing, we can see that the amplitude of estimated disturbance harmonics are increasing as we
discussed (11), (12) and (15).

x107
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1 N, » oY
3 3 ~) 1 ]

3 4 Y re AN AR A Y SADE S
NAV ANV INANME r\-vrv#’&, N
LYY o V% 50 P VB Wt N G V- St W W
5 o N N |_' g3 \J 5 N b ‘.l v M
a Y} v Y %

]

0.31 0.315 0.32 0325 0.33 0.335 0.34
Freq (Hz)

(2) dn

ISV NS Wil W Ws AWy
IS WAWEWS WA WL W Wewaw-y
L N Ay B e G B W R . ot oM N

=)
N
59 ~
2
&3
S

4l Case 1-1| |

5r Case 3-1|

0.31 0.315 0.32 0.325 0.33 0.335 0.34
Freq (Hz)
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Figure 5. Validation results of the estimated disturbances of PI+DOB in the case of the DC voltage is
1000 V.

Figure 6 shows the comparative studies of the active power control performance between PCCVM-
DPC with PI and PCCVM-DPC with PI+DOB. Figure 6a and 6b show the time plot of active power
control performance for the PI and PI+DOB control structure, respectively. Figure 6c and 6d shows the
fast Fourier transform (FFT) results of the active power control performance, for the PI and PI+DOB
control structure, respectively. As expected from the bode plot, we confirmed that the dramatic
performance enhancement for the harmonic disturbances is achieved. Figure 7 shows the comparative
studies of the reactive power control performance between PCCVM-DPC with PI and PCCVM-DPC
with PI+DOB. Figure 7a and 7b shows the time plot of reactive power control performance for the PI
and PI+DOB control structure, respectively. Figure 7c and 7d show the FFT results of the reactive power
control performance, for the PI and PI+DOB control structure, respectively. As expected from the
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bode plot, we confirmed that the dramatic performance enhancement for the harmonic disturbances is
achieved. Figure 8 shows the FFT results of the phase currents for each case. From these results, we
see that the proposed PCCVM-DPC with PI+DOB dramatically reduces the current THD by more than

40% of the THD of the PI control structure.
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Figure 6. Validation results of the active power for PCCVM-DPC with PI and PI+DOB in the case of
that the DC voltage is 1000 V.
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Figure 7. Validation results of the reactive power for PCCVM-DPC with PI and PI+DOB in the case of
that the DC voltage is 1000 V.
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Figure 8. Validation results of the current harmonics for PCCVM-DPC with PI and PI+DOB in the case
of that the DC voltage is 1000 V.

4. Conclusions

This paper proposed the point of common connection voltage modulated direct power con-

trol (PCCVM-DPC) for energy storage systems and power conversion system (ESS/PCS) with the
disturbance observer and disturbance rejection structure to control the instantaneous active and re-
active powers under the step-up transformer’s nonlinearity, parametric uncertainties, and the grid
voltages harmonics. From the validation with the Simscape and the actual ESS inverter and trans-
former datasheet, we observed that PCCVM-DPC with the proposed control structure has robust
power control performance although the measured voltages at the PCC contain inadequate harmonics.
The comparative studies between the PI control structure and the proposed control structure validated
the outperformance of the proposed method.
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