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Abstract

In a multi-functional AC battery, power control is the key to performing many
functions such as reactive power compensation, active power filter, and point of
common coupling (PCC) voltage control. It is very important to develop a control
strategy that ensures a fast dynamic response and still maintains good tracking
performance to help stabilize the system under severe conditions. To meet these
requirements, a PQ control structure for the three-phase four-wire grid-connected
inverter in a synchronous reference frame based on flatness theory is proposed.
The active and reactive power is indirectly controlled via a current control loop
using the instantaneous power theory, and then the PCC voltage can be regulated
by the reactive power compensation. The feasibility of the study is proved and
validated by the real-time simulation results.

Keywords: Battery energy storage system, Flatness-based theory, PQ control,
point of common coupling, Three-phase four-wire converter.
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1. Introduction

Developing renewable energy is becoming a worldwide trend. Much research has
been done to optimize various aspects of the energy transfer process from these
sources to household loads and industrial loads. However, this renewable energy
source has a major drawback, which is its availability. For example, in household
applications, during the day the amount of power required from the loads is
relatively low and the capacity that can be provided from renewable energy sources
(solar, wind power, etc.) is relatively high.

Atnight, the process happens in reverse, the capacity from the renewable energy
sources cannot provide enough for the increased load demand. This leads to an
overabundance in terms of energy supply during the day and a lack of energy supply
during the night. To solve this problem, an energy storage system (ESS) was
introduced [1-3]. An energy storage system allows storing excess energy from
renewable energy sources (or the grid) onto a storage device when the load power
demand is less than that can be mobilized at the sources.

Conversely, when the required power from the load is greater than that can be
generated from the sources, part of the energy from ESS will be extracted to
compensate for the shortfall. There are many types of ESS, which are classified by
their storage options: batteries, thermal or mechanical systems. In the context of
this study, the authors' primary focus is battery energy storage systems, specifically
emphasizing the utilization of second-life batteries [4].

In this research, the AC-coupled topology is selected for home battery storage
systems, which are available to connect to the installed solar home. This application
was first introduced by Tesla as an AC Battery, which commonly consists of a two-

stage power converter and the battery as shown in Fig. 1.
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Fig. 1. Structure of an AC battery using the three-phase four-wire topology.

The Power Factor Correction (PFC) stage directly controls the amount of power
injected/absorbed to/from the grid and the bidirectional DC/DC stage is responsible for
the charge profile of the storage device. Based on the PQ control theory, the AC Battery
can be further utilized to perform more functions simultaneously such as reactive power
compensation, active filter, point of common coupling voltage control, etc., to support
the power grid under non-ideal conditions to meet grid requirements, hence referring as
the Multi-functional Battery Energy Storage System in [5-7].

The PFC stage plays an important role in the AC Battery so that the grid current
is in phase with the grid voltage and its total harmonic distortion meets the IEEE519
standard. The selected power topology should be able to adapt to different grid
conditions and have high efficiency with a compact size. For the three-phase grid
network, the Three-phase Four-wire topology are getting a lot more attention
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recently due to its ability to deal with the case of non-ideal grid or loads by
regulating the neutral current through the fourth branch [8].

The size of the PFC power circuit can still be ensured even with the addition of
a MOSFET branch based on the Silicon Carbide (SiC) technology which helps to
increase the power density and offer higher switching frequency [8].

As can be seen above, power control is the key to a multi-functional AC Battery.
The control structure must be designed to ensure fast and accurate dynamic response
in real-time control and well-adapt under abnormal grid conditions. Many previous
publications have suggested different control strategies for both single- and three-
phase power grids. A control structure for multi-functional EV chargers in a single-
phase grid system was introduced. [9, 10]. A novel smart inverter in which a PV
inverter can be controlled to perform dynamic reactive power compensation and PCC
voltage regulation on a 24/7 basis for the three-phase grid is proposed [11].

To guarantee that the microgrid operates well in both islanded and grid-connected
modes, the VF control regulates the voltage and frequency of each power converter
connected to each distributed generation in the islanded mode while the P-Q control
regulates the output active and reactive powers of each distributed generation in the
grid-connected mode [12]. Some recent works have studied the optimal voltage control
strategy, such as the robustness control with a discrete-time sliding mode current
controller [13] or the P-Q control-based Particle swarm optimization theory [14].

Moreover, the dynamic response in these strategies is another important issue
and some nonideal cases show sluggish performance. To deal with linear regulator
limitations, several nonlinear control methods are proposed in the literature
including feedback linearization control [15] or backstepping control [16]. These
control methods use differentiation to achieve the control law, which results in
high-order derivative control terms. These derivatives can affect the control law
capabilities under severe load disturbances and model inaccuracies.

Among the reported control strategies, flatness-based control (FBC) appears as
an interesting nonlinear control approach due to its useful performance when
explicit trajectory planning is required under different operating conditions. Indeed,
the flatness theory allows an accurate description of the transient and steady-state
dynamics of the overall system state variables based on differentially flat outputs.
In addition, and as reported in various works [17, 18], the FBC demonstrates stable
performances even under large operating points and system parameter variations.

In this paper, a control strategy based on flatness-based theory for PQ control for a
three-phase four-wire grid-connected inverter is proposed. The output vector consists
of DC link voltage, g-axis, and 0-axis components of the converter currents are proved
to be flat outputs. Their reference can be used directly for feedforward, which shows
the advantage of the flatness-based method that is also shown in previous publications.

To smooth out the transition response and limit the impact of the differential
component in the feedforward path, a trajectory generation is added. With the help
of the instantaneous power theory in the synchronous reference frame, the reference
currents can be directly calculated from the active and reactive power references,
which forms a PQ control structure via a current loop.

The rest of this paper is structured as follows. Section 2 analyses the control
structure and control design method based on the flatness-based theory. Section 3
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demonstrates the feasibility of the control structure by using real-time simulation.
Finally, the conclusions are derived from the analysis of real-time simulation results.
2.Main research

2.1. Mathematical model of the three-phase four-wire converter

The three-phase four-leg voltage source converter is connected to the grid through
a L filter, as depicted in Fig. 2. The internal resistance of the inductor is taken into
account in this research.
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Fig. 2. Three-phase four-wire grid-connected converter.

The per-phase equivalent model of the system is shown in Error! Reference
source not found.. Applying Kirchhoff’s law yields in the Laplace domain.

ia SiCa TLa 0 0 iCa
l [ Lb Sicp| + 10 1 O l [ia)l
SlCc 0 0 Tic iCc
Sicn Upce_a] [Vca
+ L, |Sicn| + 1 Vpcc_b UCbl
Sicn iCn Vpcc c Vee
ia SlCa 7”La 0 0 iCa
= [ l.b Sicp 0 l [icz;l
) ) Lyl lsic, 0 rcllic
Slcn len Upcc,a
+L, Sicn| + T llen| + vpCCbl (D)
SiCn iCn Vpcc,c
Flx, Lix Vpee,x

Where: x = A,B,C

Fig. 3. Per phase equivalent model of the system in the 0abc coordinate.
In which,v¢,, Vep, Ve Tepresent the terminal converter voltages; Liy, Ly, Ty T

represent the line-side inductances and their internal resistances;
Vpec_ar Vpee_bs Vpec_crepresent the phase-to-neutral voltages at the PCC.
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Assuming that the three-phase inductors are balanced: L;, = Ly, = L;c = L, =
L; and ry, = 1, = 1. =15, = 1. The mathematical model in the dg0 reference
domain can be obtained as:

SlCd
e S ] | e 1
0 4L Sico 0 47y
ica vpcc_d Vca
+ —a)Li 0 0] icq| + | Ypccq Vqu
0 0 0llig Vpecol LVco
L; O 0 1r1Sica , 0 0 1rica
[0 L, 0 [sicq +10 7 OHicql
0 0 4Lllsice Lo o anlls
0 wL; 0 ica VUpcc_d
+ |—wl; 0 0] icq| + | Vpceq 2)
0 0 0l Ligg Upce_o

where: Vg, Veg) VeoVear Vegr Voo tepresent the converter voltages in the dg0
domain.icg, icq, icolcas icqs icoTepresent the inductor currents in the dg0 domain.
Vpce_ar Vpee_q» Vpee 0Vpec_dr Vpce_qr Vpeco tepresent  the  phase-to-neutral PCC
voltages in the dq0 domain.

The DC-link dynamic voltage can be given by:

dvpc _ . dvpc _ . s
DC g = lroaa ipcCpc—— 2t load ~ lpc

3)
where: CpcCp represents the DC-link capacitance, vp vy represents the DC-link
voltage, and ip¢, i1 oqq represent the DC-link and load current.

The total active power of a three-phase system is given using the instantaneous
power theory on synchronous reference frame [12]:

3 . . 3 . .
Py = 3 (vpcc_dlcd + 17pcc_qqu)PAC =3 (vpcc_dlcd + vpcc_qqu) 4

Assuming in the condition of ideal grid voltages where v, 4 = 0, (4) can be
rewritten as:

3 . 3 .
Py = Evpcc,dlCdPAc = 3 Vpccalca %)

Neglecting the filter and converter losses the active power balance of the line
Slde (PAC) and DC Side (PDC = chiDc) glVeS.

__ 3Vpccdicd 3 Vpcc_dicd
i — 3 Upcc i — 3 Upcc (6)
DC = DC

vpcC 2 vpc

Finally, the DC link voltage dynamic is presented as:

C dVDC . 3 Vpcc_dicd C dUDC . 3 Vpcc_dicd
DC 4 = lLoad — 2 vbe DC 4 = lLoad — 2 vbe
(7
A similar derivation gives the reactive converter power:
3 : 3 :
Q - = Evpcc,dquQ - = Evpcc,d leg
®)
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It can also be seen from (5) and (8) that the converter’s active power
injected/absorbed can be controlled by the d-axis current and the reactive power by
the g-axis current of the PFC currents. This allows the converter to independently
control the active and reactive power via reference currents in the synchronous
reference frame. The dq-axis components of the reference currents can be
calculated as:

_ Zpref - % _ Zpref

*ca = = 9
4= g gl e T o )
i*C - _ 2Qref i*c - _ 2Qref
q 3Vpcc.d q 3Vpcc.d
(10)

Besides, the 0-axis current is always regulated to 0 to ensure no neutral current
flows in the system, which makes the currents in the main three phases balanced.

2.2. Flatness-based control theory

. S T .
Defining the system state x = [lCd, icqricos vDC] and the control input vector u =

T .
[vcd, Vegs Vco] , the state space (2) and (7) can be transformed into:

=1L . . 1 - v q -—TL . i 5
LLiLLCd + wicy + Liivcd —%i”-d LLiLlCd + wicyg + Liivcd
- . . % - . .
‘ LLiLLCq—wlcd +Liich %ic-q a LLiLLCq—wlcd +Liich
EJ'C_ —_'le- +iv + TVpcco EJ'C_ —_'le- +iv +
1, co T g Yeo aL; 1, tco T g Veo
_3Vpcc_dicd iLo_ad _3Vpcc_dicd
- 2vpcCpc 1 L Cpc L 2vpcCpc ]
r Upcc_dn
-
Vpce_q
L
—VUpcc_o
4L;
iLoad
L cpc
(11)
Defining the output vector:
V1 icq 1 icq
y =Yz =[icol}_1= V2 =[ico] (12)
V3 VUpc V3 Upc

To prove above system is a flat system, firstly the state vector x =

[icd,icq,ico,vDC]T will be presented as a function of the flat outputs. By
considering the load current as a disturbance, Eq. (7) can be simplified as:

dvpc _ . _ _EVpcc_diCd dvpc _ . _ _Evpcc_di(:d
dt 3 2 Cpcys dt 3 2 Cpcys
(13)

The d-axis component of the inverter current can be written as:
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. _ _2Cpcysys. _ _ 2Cpcysys

ed = T a4 T T3 vpeea
pcc_d pcc_d

(14)

By using (12) and (14) the state vector of the system is given by:

X = Q(J/1‘J’2'J’3'373)3_C = Q(J/1'YZ'3’3'373)

where

. 2Cpcys3Ys
91, Y2 Y3, Y3) = [—g—% Y2
- Upce_d

2C Y
_ [__ pcY3Ys3 vV,
3 vpcc_d

(15)

T
Y3] g(}’1,}’2;3’3;5’3)

T
J’3]

The first two equations from Eq. (11) can be rewritten by neglecting the disturbances:

di
lCd + _Cd - (Ulc

:[ H]_ b (g +

TL
L-(—l 4 Hea )
i L cd dt Cq

el [

i di i
L (T—L_lcq + 2604 wigy) (16)
ai
41 ( ico +52)
Substituting Eq. (14) into Eq. (16) yields:
2 Cpcly 21.Cpc
L3 s + V3 F3) — =2y Yy — WLy, |
3 Upce_d 3 Upce_d
Uy Vcd
Nl lv. | = ) 2 Cpc
u=|"21=|%q|= —L; J’1_§_J’33’3+L3’1
Us Vco vpCC d
4L'(_3’2 + ¥2)
Vca
u = h(yy, Y1, Y2, Y2, Y3, V3, Y3)u = [uz = [”wl
2 Cpcl; 21.Cp¢ ]
—= (y + )—= Y3 — wl;
3vpcc P V3. Y3 + V3. V3 3Vpcc,d V3.V3 iYV1
_ e 2 Cpc +r
i\ — 3 vpcc P — V3. V3 3’1
4Li(ZY2 + ¥2)
| ; i
u = (Y1, Y1, Y2, Y2, Y3, V3, V3) 17)

It can be seen from Egs. (15) and (17) that, the
conditions of a flat output vector of a flat system.

2.3. Flatness-based controller design

Journal of Engineering Science and Technology

output vector satisfies the two
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In the proposed control structure in Fig. 4, three controllers are designed in which the
DC voltage regulator and the inner current controller are based on the flatness theory
to achieve a fast dynamic response for the active power. In addition, the PCC voltage
controller is utilized to regulate the reactive power rejected into the grid. The d-axis
component and g-axis component of the reference are calculated from the required
active and reactive power, which proves the advantage of the PQ control method.

The reference of the 0-axis current is set to zero to ensure that the three-phase system
is balanced. The modulation index derived from the current controllers is applied to the
3D-SVM to generate the control signals for 8 switches of the 3P4W converter. In the
flatness-based control, the system is driven towards the reference trajectory by a feed-
forward signal and a reference generation. The feedback part is inserted only to
eliminate the deviations caused by disturbances and other non-idealities.

As the system is near to the reference trajectory via feed-forward, thus
linearizable around it, the feedback can be designed with linear methods even for
nonlinear systems. Therefore, the linear controller design for each control loop is
presented and the feed-forward part is determined in the next section.

¥ R hE ks

Voltage Feedfoward [
Eq. (23) -

- Qv _| Calulation

T
Reference | | " | Reference
Current Generation
+*

SVM-3D [ |

Fig. 4. PQ Control Structure using Flatness Theory.

2.3.1. Flatness-based DC voltage controller

From (14) the feed-forward component i¢q sf of the DC voltage controller can be
directly derived from the reference DC-bus voltage vj:
2 Cpcvpevipe ; 2 Cpc¥pevpe (18)

i =-. i =-.
caff 3 Upcc_d caff 3 Upcc_d

Applying the linearization method for the controller of the feed-back part: iz =
Icq + Tca,Vpe = Vpe + UpcsVpec.a = Vpce.a T Ppee_athe transfer function from the
output inverter current to the DC voltage can be presented as:

Journal of Engineering Science and Technology October 2024, Vol. 19(5)



1802 T. A. Do et al.

~L5Vpcc d Ppc -1,5Vpcc d
— pee — — pce (19)

- - - CVpcs

_ pc
Gvi - CVpcs vi icals
Upcc_.d=0

Ica

f’pcc_d=0
Since the transfer function in (19) is an integral system, the PI controller G, (s) =
K,y + %Gw (s) = Kpy + % can be applied. The closed-loop of the DC voltage
loop then is depicted as:

1_S(KTJ"Vpr:c_dJ }Kivacc_d
G(s) = Gev(S)Gyi(s) CpcVpe " CpcVpc G(s) = Gew(5)Gvi(s)
14Gey($)Goi(s) 241 5PV pecd  KivVpeed 146y (5)Gpi(S)
CpcVpc = CpcVpc

1 S(vavpcc_d . Kivacc_d
__" CpcVpc CpcVpc

)

s2+41 S(KPVVpcc_d , Kivacc_d) (20)
Y CpcVpc ~ CpcVpc
The parameters of the DC voltage parameters then are determined as:
K. — (2¢wn)(VpcCpc) K. = (28wn)(VpcCpc)
pv 1,5Vpcc.d pv 1.5Vpcc.d
2n
_ 2 VCpc _ 2 WCpc
Kip = 02 25PC |, = o Yepe_
1v5VpCC_d 1v5VpCC_d

where ¢ is the damping ratio and w, is the undamped natural frequency of a
standard second-order transfer function.

Additionally, due to the appearance of the derivative component in the feed-
forward part, the control signal may be clipped if a step reference is applied. A
reference trajectory is therefore needed to smooth out the reference input value. Here
in this design, a simple first-order low-pass filter is used to limit the derivative terms
without influencing the computation time. Its transfer function can be described as:
Grg(s) = L& = e (22)

y*(s) Wcts

where: w, denotes the cut-off frequency of the reference trajectory transfer function.

2.3.2. Flatness-based current controller

From Eq. (16) the feed-forward part v¢y ¢f, Veq £, Veo_rr Of the d-axis, g-axis and
0-axis current controller respectively can be directly derived:

_d, . .
Vea_fr = Lig;lca tTiica — @lileq
d ., . i
Veq_rr = Li lcq + Tiicg + wliicy (23)
_ ., ,
vcoiff - 4LL Elco + 4-T'Llco

For the controller design the feedback component, the transfer functions from
the converter voltage to the converter current in the dq0 domain are determined
from Eq. (2) by neglecting the PCC voltage disturbances:

_ lca(s) _ 1

Gm'fd(s) T veals) | Lis+7i
__icq(s) _ 1

GVi—q(S) _ch(s) - Lis+rp (24)
_ dco(®) _ 1

Gio($) =306 = tamer
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Since the plant of the current loop is a first-order system, the PI controller G.. =
Kpc(1 4 1/Tjcs) can be used to regulate the reference current. The time constant
of the controller is chosen to be equal to the time constant Ty, 4, Tjc 4, and Tj; ,0f
the plant to eliminate the undesired pole of the plant:

Ly
Tic_d = Tic_q = Tic_o = (25)

TL
The parameter K,, of the controller is determined as:

_ _ L; 4L;
KpC?d - Bpcqg — T

qd iKpeo =

(26)

Tqa
where: Ty, is the settling time of the current loop.

Similar to the voltage controller design, the current reference generation using
a low-pass filter is applied.

2.3.3. PCC voltage regulator

In low-voltage grids, the inverter injects power into the grid which causes a PCC
voltage rise or drop that leads to many more severe power quality problems [19].
The active power injected/absorbed to/from the grid by the AC Battery as shown
in Fig. 4 is controlled by the DC-link voltage controller. A control loop is needed
to mitigate this issue. The PCC voltage, Vp is sensitive to both active and reactive
power injected into the grid by the AC Battery. It can be expressed via Eq. (27) as:
PcRg + QcXg
Vg

AV = 27)
where: P,, Q. denotes the active and reactive power injected/absorbed to/from the grid,
Ry, X, denotes the resistance and impedance of transmission lines, and AV = V; — V.
denotes the PCC voltage rise or drop caused by the power injected into the grid.

A PCC voltage controller therefore is required to regulate the PCC voltage. It
can be done by controlling the reactive power injected into (or absorbed from) the
grid by the storage device.

A simple control block diagram for the PCC voltage regulation is shown in Fig.
5. The AC voltage controller consists of a simple PI controller (or an integrator in
this case) to calculate the reference reactive power for the inner control loop.

The fast-tracking performance of the flatness-based current control loop allows
the controller to quickly adapt to changes in the g-axis component of the inverter
current, which is used to directly regulate the PCC voltage. The plant model G(s)
can be determined using Eq. (28):

Vocea = Vga = Lg d‘% — wLyic, + Ryica
( 2 8 )
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Fig. S. Distribution network with the AC battery.
The open loop transfer function of the PCC voltage regulator can be then

derived in the control diagram in Fig. 6. The controller design can be done using
the magnitude optimization criterion or by pole-placement method.

Vice d s .? o K (w2 e g [ o) Tym"
5 pc_d

Fig. 6. PCC Voltage regulation block diagram.

3.Real-Time Simulation Verification

To quickly verify the FBC method for the three-phase four-wire converter with the
proposed control design, a real-time simulation system based on the Hardware-in-
the-loop (HIL) platform is conducted as shown in Fig. 7.

In this system, the three-phase four-wire converter in grid-connected mode is
simulated by Typhoon HIL 402 while the program code for the control structure is
embedded in the Digital Signal Processing (DSP) C2000 TMS320F28379D kit
designed by Texas Instrument (TI). These two devices are connected through an
interface board as shown in Fig. 7.

o s (o s Y e ' 8
B
Interface board

Fig. 7. Real-time simulation system with typhoon HIL.

The simulation results compare the dynamic response of the conventional
current control method and the proposed method to illustrate the effectiveness of
the Flatness-based control. The parameters of the system are given in Error!
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Reference source not found.. Real-time simulation scenarios are shown in Error!
Reference source not found..

Table 1. Key specifications.

Parameter Description Value
Vpe DC bus voltage (V) 650 (£10%)
Vgria Line-line RMS PCC voltage (V) 380 (£10%)
fo Basic frequency (Hz) 50 (+1%)
fs Switching frequency (kHz) 50

L; Filter inductance (nuH) 330

T Internal inductor resistance ({2) 0.08

Rt Resistance of transmission line 0.25

Xr Inductance of transmission line 0.25

Table 1. Simulation scenario.

Phase Time Action
Charge DC-link capacitor via start-up resistors

1 0-3.5s (Rpre_charge ) in Fig. 4 to limit in-rush currents

2 35-36s Turning-on relay R; in Fig. 4

3 36-55s Enable PWM module and DC- voltage controller

4 5.75-6.5s  Enable 11 kW DC-side load through a current source (Fig. 4)
5 6.5-9s Enable PCC voltage controller

Figure 8 illustrates the operation of the system in grid-connected mode. Firstly,
in phase 1, all switches of the 3P4W converter are OFF and the relay in Fig. 4 is
OFF, then the DC-link capacitor is naturally charged to around 537 V through the
diode bridge and the start-up resistor of 30 Q. The peak of the in-rush grid currents
is limited at about 10 A in this phase as shown in Fig. 8(a). Then, in phase 2, the
start-up resistor is bypassed by turning on relay R;. A short time of 0.1 s is applied
for this phase to avoid the inrush current. After that, at the beginning of phase 3,
the DC-voltage controller and the PWM module are enabled. Continuously, to
avoid the in-rush current in this phase, the reference of the DC voltage is ramped
from 537 V to the final value of 650 V with the rate of 0.5 V/ms. A small peak of
the grid currents of about 10 A is witnessed when starting the controller, then the
DC-link voltage gradually tracks the reference voltage.

At the beginning of phase 4, a rated load of 11 kW suddenly changed with a
step change of the current source at the DC side as shown in Fig. 8(c). With the
proposed flatness-based control, the active power is rapidly achieved in Fig. 8(d);
however, due to the effect of the transmission line impedance, the PCC voltage is
reduced from 311 V to 305 V. Therefore, at the beginning of phase 5, the PCC
voltage regulator is started, while the active power is kept at 11 kW, and about 12
kVAR of reactive power is controlled to compensate for the PCC voltage. After
about s, the d-component of the PCC voltage returns to the initial value of 311 V
as shown in Fig. 8(e).
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Fig. 8. System responses with Flatness-based control.

Furthermore, to verify the advantage of the flatness-based control, the dynamic
responses are compared between the conventional control method and the Flatness-
based control are compared in Figs. 9 and 10. While the DC-link voltage (Vpc), the
active power (P), and the d-axis current (ig) responses are depicted at the beginning
of phase 4, the reactive power (Q) and g-axis current (i;) responses are shown at
the start of phase 5. The reference value is presented in a dashed blue line.
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Fig. 9. Voltage and power responses comparison:
(a) Proposed method, (b) Conventional method.
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Fig. 10. Current responses comparison:
(a) Proposed method, (b) Conventional method.

With the flatness-based method, the dynamic responses yield better
performance due to the planning trajectory with almost no overshoot compared to
the conventional strategy. In detail, as summarized in Table 3, the nominal load is
suddenly switched, and the decrease of DC voltage with the FBC method is just 12
V, while that with the conventional PI controller is double, at about 24 V.
Moreover, the settling time of the DC voltage with the FBC method is also much

smaller (approximately 1.5 times the grid period of 0.03 s) compared to 0.06 s of
the conventional method.

The active power of the FBC method needs a shorter time to track the reference
value, only 0.04 s (approximately 2 times the grid period), while that of the
conventional method is double, 0.08 s. While no overshoot is shown in the power
with the FBC method, there is an overshoot of about 1.5 kW in active power with
the PI controller. The response time for the reactive power of both control methods

is similar because the same PI controller is applied for the PCC voltage regulator
for both cases.

Table 2. Transient-response specification.
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Criteria Parameter Flatness-based Conventional
Control Control
Voltage drop

Voo %) 1.84 3.54
Settling time (s) 0.03 (~1.5T) 0.06 (~3 T)

P Overshoot (%) 0 13.6
Settling time (s) 0.04 (~2T) 0.08 (~4 T)
Overshoot (%) 0 0

0 Settling time (s) 0.5 0.5

i Overshoot (%) 0 5
Settling time (s) 0.02 (~1 T) 0.06 (~3T)

i Overshoot (%) 0 0

i Settling time (s) 0.5 0.5

where 7 indicates the grid period.

Furthermore, the current responses of the proposed method for the 3P4W
converter are compared to those of the conventional method as shown in Fig. 10.
The d-axis current of the FBC method needs a shorter time to track the reference
value, only 0.02 s (approximately the grid period), while that of the conventional
method is about triple. No overshoot is shown in the d-axis current response in Fig.
10 with the FBC method, while there is an overshoot of about 5 A in the d-axis
current with the PI controller. Besides, the response time for the g-axis current of
both the proposed method and conventional methods are similar because the same
PI controller is applied for the PCC voltage regulator for both cases. Finally, the
current on the 0-coordinate is kept around 0 to guarantee that the three-phase

system is balanced.

An important note is that the proposed FBC improves the dynamic responses
compared to the conventional method. In the steady state, both two control methods
give the same performance of the grid current, and Total Harmonics Distortion
(THD) is just 1.1% as shown in Fig. 11, which meets the IEEE 519 standard.

Fundamental (50Hz) = 34.3 , THD= 1.1%
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Fig. 11. THD grid current in steady-state phase.
4.Conclusion
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In this paper, a PQ control strategy via current control based on Flatness theory has
been proposed for a three-phase four-wire inverter of an AC Battery in grid-tied
mode. The active and reactive power are shown to be independently regulated via
the current loop using instantaneous power theory in the synchronous reference
frame. Hence, a multi-functional energy storage system is designed with the ability
to regulate both DC-link voltage and PCC voltage, in which the fast dynamic
response is achieved due to the advantage of the FBC method.

Real-time simulation is carried out the performance of the proposed method is
superior to that of the conventional method. These results verify the effectiveness
of the proposed control design and the feasibility of experimental implementation.
Furthermore, the regulation for the harmonic distortion for the PCC voltage would
be presented in future work based on the idea for harmonic detection and reduction
presented in [10] for a 1-phase system.
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