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Abstract: When a grid-forming (GFM) inverter is connected to a low- or medium-voltage weak
power grid, the line impedance with resistive and inductive characteristics will cause power coupling.
Typical GFM decoupling control strategies are designed under nominal line impedance parameters.
However, there are deviations between the nominal line impedance and actual parameters, resulting
in poor decoupling effects. Aiming at this problem, this paper proposes a power decoupling strategy
based on a reduced-order extended state observer (RESO). Firstly, the power dynamic model of the
GFM is established based on the dynamic phasor method. Then, the model deviation and power
coupling due to line impedance parameter perturbation are estimated as internal disturbances of the
system, and the disturbances are compensated on the basis of typical power control strategy and
virtual impedance decoupling. Good decoupling performance is obtained under different impedance
parameters, improving the control strategy’s robustness. Finally, the effectiveness of the proposed
method is verified by the results of RT Box hardware-in-the-loop experiments.

Keywords: grid-forming inverter; power decoupling; reduced-order extended state observer;
dynamic phasor method; virtual impedance; line impedance parameter perturbation

1. Introduction

Conventional fossil energy sources are connected to the grid through Synchronous
Generators (SGs), and the presence of a large number of SGs slows down the dynamics
of the entire system [1]. With a large number of new energy sources connected to the
power system, the proportion of inverter-based resources (IBRs) power generation in the
grid has been increasing, replacing most of the SGs and becoming an important trend in
the development of the power system [2]. Conventional grid-following (GFL) inverters
are synchronized with the grid through the phase-locked loop (PLL), and their proper
operation relies on the presence of a voltage source in the system which can build a voltage
reference. However, more IBRs also lead to faster system dynamics, and the stable operation
of the GFL will be affected, resulting in a lack of voltage support and inertial responsiveness
of the grid [3,4].

As a new solution, GFM inverters have been proposed and widely and deeply re-
searched [5-8]. By simulating the characteristics of a synchronous generator, a GFM applies
the rotor motion equations of the synchronous generator and the primary frequency mod-
ulation to the control of the inverter [9] so that the external characteristics of the inverter
present the inertia and damping characteristics similar to those of the synchronous gen-
erator [10]. The system voltage and frequency can be established independently [11,12],
thus effectively improving the stability of the power system [13]. In the GFMs above, it is
assumed that the impedance of the line is purely inductive, and this assumption is consis-
tent with the case of high-voltage grids. After connecting to the low- and medium-voltage
weak grid, the line impedance ratio R/X is relatively large, so there is a significant coupling
between active power and reactive power [14].
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Power modeling is the basis of theoretical analysis. There are mainly steady-state
models and dynamic models. In [15-17], the steady-state models of active and reactive
power were established to analyze the GFM’s stability and to design power control pa-
rameters, respectively. The transfer function of the steady-state model is constant and
cannot reflect the dynamic characteristics of the line impedance. The dynamic models
of active and reactive power are developed in [18,19]. Due to the low bandwidth of the
power control loop, the analysis with the steady-state model also yields results consistent
with those analyzed with the dynamic model. However, the power coupling involves
transient processes, and it is more appropriate to use the dynamic model. This paper uses
the dynamic phasor method [20] to develop a dynamic model that can more accurately
describe system behavior during the unsteady state or transient processes.

In order to solve the power coupling problem, many scholars have conducted a series
of research studies. In [21-23], the virtual power method is used for power decoupling.
Based on the impedance angle of the line impedance, the active and reactive power coor-
dinates are transformed into virtual active and reactive power, which are controlled by
frequency and voltage magnitude, respectively. However, implementing this method is
subject to the accurate acquisition of the resistance-inductance ratio in the line. In [24,25],
voltage and frequency cross-channel feedforward compensation methods are proposed
for droop control and the virtual synchronous generator (VSG), respectively. In [26], a
reactive power feedforward compensation method is proposed to reduce power coupling.
Similar problems exist with the virtual power method, as feedforward decoupling requires
knowledge of the exact line impedance parameters and the power angle of the GFM. The
most common power decoupling method is through the reconstruction of the inverter
output impedance by the virtual impedance method [27,28]. In [29], a strategy to introduce
virtual inductance in the control system was proposed based on increasing the neutral
inductive component of the line impedance, which effectively reduces the power coupling
between active power P and reactive power Q. However, it is pointed out in [30] that the
power decoupling capability is somewhat constrained due to the inherent d-axis voltage
drop caused by the virtual inductor. A virtual negative resistance approach was introduced
in [31] that reduces the resistive characteristics of the line impedance. As a result, the line
impedance is inductive, and the power coupling between P and Q is reduced.

An easily overlooked issue in existing studies is that the variation of line impedance
is not considered. If a parameter perturbation in the line impedance causes it to deviate
from the nominal value, the power decoupling performance worsens. In [32], a total
sliding-mode controller (TSMC) is used for power decoupling, and excellent decoupling
performance can be obtained when the line impedance varies in a small range. However,
the jitter phenomenon restricts the robustness of the power decoupling, and the stronger the
robustness, the worse the jitter phenomenon. In [33], a feedforward neural network (FNN)
framework is used to simulate the TSMC law for robust and accurate decoupling control.
The simulation and experimental results verify the robustness of power decoupling, but the
design of the control system is complex and cannot be implemented on a microcontroller.
In [34], a power decoupling strategy based on an extended state observer is proposed. On
the basis of the feedforward decoupling method, the power coupling is estimated as an
internal disturbance of the system using an extended state observer (ESO), and the output
of the feedforward decoupling method is compensated to improve the robustness of the
feedforward decoupling method. Feedforward decoupling can make the strongly coupled
channel paired and the weakly coupled channel decoupled. However, when the resistive
component of the line impedance is larger than the inductive component, the P-§ and
Q-E control channels are weakly coupled, which does not satisfy the principle of optimal
pairing of the control channels.

Therefore, this paper proposes a power decoupling strategy based on a RESO. The fac-
tors affecting the power control performance, such as model deviation and power coupling
caused by line impedance parameter perturbation, are considered internal disturbances.
These disturbances are observed in real time by a RESO, and the disturbance compensa-



Electronics 2024, 13, 1926

3o0f17

tion is performed based on the virtual impedance decoupling method. Good decoupling
performance is obtained even under different impedance parameters, and the robustness
of virtual impedance decoupling is improved. The main contributions of this paper are
as follows:

1. A small-signal model of the power dynamics of the GFM is established based on
the dynamic phasor method, and according to the small-signal model, the distur-
bances existing in the power control of the GFM after considering the line impedance
parameter perturbation are analyzed.

2. A power decoupling strategy based on RESO is proposed. The RESO reduces the
amount of control system arithmetic and the system’s phase delay. Good decoupling
performance can be obtained even under different impedance parameters, and the
robustness of the virtual impedance decoupling method is improved.

3. The transfer functions of the disturbance estimation capability and disturbance esti-
mation error of two ESOs are derived, and the disturbance estimation capability of
RESO under different observation bandwidths are analyzed.

The organizational structure of this paper is as follows: Section 2 introduces typical
control strategies for GFM inverters and analyzes the disturbance after considering the line
impedance parameter perturbation; Section 3 proposes the design of a power decoupling
control strategy based on a RESO and analyzes the performance of ESO disturbance
estimation; Section 4 illustrates the hardware-in-the-loop experimental results; and Section 5
provides the conclusion.

2. Typical Control and Disturbance Analyses of GFM Inverters
2.1. Typical Control Strategies for GFM Inverters

The main circuit topology and control block diagram of the GFM inverter are shown
in Figure 1. The DC source is connected to the AC grid using a three-phase voltage source
inverter, and the system as a whole consists of a DC-side equivalent power supply, an
inverter bridge, an LCL-type filter, an equivalent line impedance, and a grid configuration.
Among them, L, is the inverter-side inductance; C is the filter capacitance; L, is the grid-side
inductance; Rg and Lg are the equivalent line resistance and inductance between the GFM
and the grid; uq. is the DC bus voltage, uy is the inverter bridge arm voltage, i1y is the
inverter-side inductance current, uyy is the inverter output voltage, iy, is the inverter output
current, and ugy is the grid voltage (x = a, b, ¢); E is the virtual internal potential of the VSG;
and ¢ is the virtual rotor angle, generated by the virtual angular frequency w.

o Zef & <f L 4 I . L, R, y
T F T
b 1b.! | 2by 2b ) | 2b
U, i ] i \f\
——Crndeyl ) |

Ll

1q U2alaq

Voltage |%aawr
N7 and < Virtual

A Current |« Impedance
Control

Figure 1. Main circuit topology and typical control block diagram of GFM inverter.
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In the power control of the GFM inverter, the power control link of the virtual syn-
chronous machine plays a crucial role. It consists of two main parts, active and reactive
power control, as shown in Figure 1. The active power control link is realized by simulating
the real rotor’s equations of motion and the prime mover’s speed-governing equations,
using P-w for control. The specific expression is shown in Equation (1).

o Dy(w—wo) = o )
where [, and Dy, are the active virtual inertia and droop coefficient of the VSG, respectively;
Pief and P are the active power setpoint and the actual active power output from the
inverter, respectively; w( and w are the rated and actual output angular frequency of the
VSG, respectively.

The reactive power control link adopts Q-E control by simulating the voltage regulation
characteristics of the synchronous generator, thus generating the magnitude of the virtual
internal potential, with the specific expression shown in Equation (2).

d
Qut = Q + Dy(Eo — E) = Jo'o- @

where Jq and Dq are the virtual inertia coefficient and droop coefficient of VSG reactive
power, respectively; Q¢ and Q are the set value of reactive power and the actual output
reactive power, respectively; and Ey is the peak value of the rated output voltage of VSG.
Considering that the virtual steady-state synchronous complex impedance control
can significantly reduce the output impedance of the GFM in the high-frequency range,
which further improves the stability of the system, the power decoupling control is carried
out based on the virtual steady-state synchronous complex impedance. The mathematical
expression of the virtual impedance control link in the dq coordinate system is given by
the following:
{Mzdref = E — Ryipg + Xving 3)
Upqref = 0— RViZq — Xyipg

where Ry and Xy are the virtual resistance and virtual reactance of the GFM, respectively,
Xy = wq-Ly, and Ly is the virtual inductance.

The voltage—current control is controlled by inner-loop inductor current P control and
outer-loop output voltage PI control. After the compensation of the virtual impedance link,
the voltage reference value is fed into the voltage—current double closed loop to achieve
the fast-tracking of the GFM output voltage. Finally, the modulating waves e,q and eoq are
fed into the space vector pulse width modulation (SVPWM) link for modulation to drive
the inverter bridge.

2.2. Disturbance Analysis after Considering Line Impedance Parameter Perturbation

In order to ensure a suitable voltage-following capability for output voltage control,
the bandwidth of the voltage—current dual-loop closure is set to be much larger than that of
the external power control loop. As a result, the VSG-controlled GFM can be simplified
as a controllable voltage source [27]. After introducing the virtual impedance control, the
equivalent circuit diagram of its access to the AC grid is shown in Figure 2. Where E is
the virtual internal potential amplitude of the VSG; 4 is the phase difference between the
virtual internal potential of the VSG and the grid voltage, which is the power angle; U, and
J, are the voltage amplitude at the output of the GFM and the phase difference between
the GFM output and the grid voltage, respectively, after virtual impedance compensation
is performed; and S, P, and Q are the actual complex power, active power, and reactive
power output from the virtual synchronous machine, respectively.
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Figure 2. Grid-connected equivalent circuit diagram of GFM.

Conventional phase quantities are built on the assumption that the power electronic
system is a quasi-steady state, which presupposes that the rate of change in the amplitude
and phase of the system voltages, currents, and other physical quantities is much less than
the system’s base frequency angular velocity wy. In a quasi-steady state, the amplitude
within the frequency bandwidth (—wy, wy) is considered to be constant. Therefore, the
electrical quantities can be approximated as a sinusoidal waveform, which can be expressed
in terms of the phase quantity method. However, in the dynamic phase volume concept,
the phase volume change rate is close to the angular velocity of the fundamental frequency,
although it is still less than that. At the same time, its frequency bandwidth is also close
to, but less than, the fundamental frequency, and within this bandwidth, the amplitude is
no longer constant but varies over a range. Thus, the dynamic phase can more accurately
describe the system’s behavior during unsteady or transient processes.

For inductive elements, the dynamic phase model [20] is

: l, . -
U, = Ld—tL + jwoLIL (4)

where Uy is denoted as the dynamic phase form of the variable 1y, which is the inductive

voltage; I, is denoted as the dynamic phase form of the variable i1, which is the inductive

current. When building the quasi-static model, it will be ignored that the differential

terms of the dynamic phasors on the right side of the equal sign with respect to time are
often neglected.

According to Figure 2 combined with Equation (4), the relationship between the GFM

output voltage and output current I can be obtained as follows:

{ E—U,=(Ry+jXy)I )

Uo — Ug = (Rg +jXg)I + Ly

Since the virtual impedance method is designed by steady-state synchronous impedance
control, the differential term is not considered in the virtual impedance modeling.
Laplace transformation of Equation (5) and collation gives the current flowing into the

grid as
17 E/6—Uy/dy _ UoZbo—UgZ0  EL5—UgZ0 (6)
T RyHXy T RgtjXgtslg T R+jX+slg

where R = Ry + Rg and X = Xy, + X,. Then, the inverter output complex power can be found
as follows: .
S =3Uyl

=P+jQ

—3[Ez6 — I(Ry +ijV)} e @)

—3(EL0] — 1T (Ry +ijV)}

The actual output active power P and reactive power Q of the GFM considering the
dynamic process can be obtained as follows:

p— 3[Ry (EUg cos §—Ug?)+(Rg+sLg) (E>—EUg cos §)+ X EUg sin 4]
N (R+sLg)*+X2 ®)
0= 3[Xy (EUg cos —Ug?)+Xg (E>—EUg cos §) —(R+sLg) EUg sin 4
(R+sLg)*+X2
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The output power expression of the grid-forming inverter is linearized and small-
signal modelled at (ép, Ep). The partial derivatives are obtained for P and Q respectively:

el [& B [20-o ]

Grp—s(s) Gryp_g(s)
Go(s) = | ZWP-5 (v)P—E }
6 = |0 e
ky15+k12 ky5+kpn (10)

Q157 +g5+83  g157+825+83
k315+ksp kyis+kap

8182 +g25+g3 8152 +825+83

(‘SOrEO)

where

where the individual numerator denominator coefficients of the transfer function are
as follows:

—72
81 = Lg
g =2LgR
g3 =R>+ X?

{ kll = Egug sin 50Lg

k1o = E()Ug [COS 60X + sindy (Rg — RV)]

{ ko1 = (2Eg — Ug cos dy) Lg (11)
kyy = Ug cos &y (Ry — Rg) +2EgRg + Ug sin 6o X
k31 = —Eoug cos (50Lg

{ k32 = Eoug [sin (50 (Xg — XV) — COS 50R]
k41 = —Ug Sin50Lg

{ kyp = Ug cos dy (XV — Xg) + 2E0Xg — Ug sin dpR

From Equation (11), the power dynamic small-signal model of GFM is shown in

Figure 3.

AS Gps (5) j* —> AP
> Gps (5)
> G (9) |

AE > Gos (5) g — AQ

Figure 3. GFM power small-signal model (considering virtual impedance).

Rewriting the small-signal model in the time-domain progression can be performed
as follows: S . A
2 3 — M2 11 21 22
{ AP+ s AP+ §%AP %QM + g]énA(S + g}mAE.—i— gleZAE 12
AQ+ i AQ+ TAQ = 2AE + AE + LAS + "R AS
In actual working conditions, there is a parameter perturbation in the line impedance.
Not only is there an accuracy error between the actual and nominal parameters of the
components, but also, if the grid is affected by factors such as environment, electromagnetic
interference, mechanical stress changes, etc., the line impedance parameters also deviate
from the nominal value, and the effect of power decoupling will become worse. Therefore,
the system can be separated according to Equation (13) as follows:
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AP+ Sab+BAP = (G- )AP+(———)AP+ Sas+ (F—f2)as
k p k k
vhups kAR 4 k2 AE
g glgn 8 8%;1 . (13)
8O+ 580+ 580 = (8 -2)a0+ (5 - &)a0+Fae+ (B —2)aF

kst A5y ks ka AT

+g1 A + - A + < AE
where the coefficients with the label n indicate the use of nominal line impedance param-
eters, and the coefficients without the label n indicate the use of actual line impedance

parameters. As the control structure between active and reactive power is similar, the active
power control loop is analyzed as an example. Let

fo= (% - %)AP+ (8 - 2)ap+ (Fr —42)a0+ ks + aaE + k2AE

14
f=—% AP"‘fp o

where f is the total disturbance and f}, is the disturbance without model information.
The total disturbance f has several components, 1nc1ud1ng k22 AE and k21 AE, which are
the disturbances coupled between active and reactive power after being compensated by
virtual impedance; (% — )AP (g3 )AP and ( 2 — I;“)A(S are the disturbances
due to model deviation; & o $2 AP and gg AP are the model information of the system, which is
a part of the model different from the integral series-type standard type, and are estimated
together in the estimation of the total disturbances. However, when power decoupling is
performed, in order to not change the model of the original system, only the disturbances
fp are compensated which does not contain the model information.

3. Decoupling Control Strategy of GFM Inverter Based on RESO
3.1. Design of RESO

Design the controller as an example of an active power control loop such that

kY 33 3
= AP, u=A6,bpy = —2,0) =3 gy =2 (15)
¥ P gt st 81

The state variables are selected as follows:

X1 =Yy =AP
= y = AP
16
X3 =f=—mxy —axa+ fp (16)
h=f
The expansion equation of state for the GFM active power can be obtained as follows:
5(1 01 0 X1 0 0 "
x2—001X2+bp00|::|
563 0 0 0 X3 0 1 h (17)
y=n

It can be seen through Equation (14) that the system is a second-order system and
requires the design of a third-order ESO to estimate the total disturbance f. The state
equation is

z1 =23+ B1(x1 — 1)
Zp =23+ bpou + Ba(x1 —z1) (18)
23 = Pa(x1 —21)
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where z1, 25, and z3 are the real-time observations of the state variables x1, x,, and x3,
respectively, and B, B2, and B3 are the observer gains.

The performance of the ESO-based controller mainly depends on the accuracy of the
state and disturbance estimation [35]. The higher the order of the ESO, the more obvious
the hysteresis effect of the observed disturbances is [36], which affects the effectiveness of
the compensation of the disturbance f},. Since the output voltage and current of the GFM
inverter can be obtained through sensors and the output power of the inverter is calculated,
the structure of ESO, by observing the output power, can be deleted, and a RESO can be
used to reduce the complexity of the algorithm. Equation (17) can be transformed into

ol =l ol o] 51 o

RESO can be designed to:
{22 = Z?,—Fbpou-i-lz(Xz —2p) 20)
z3 = I3(x2 — 22)

where [; and I3 are the reduced-order observer gains. RESO requires the differentiation
of AP, which introduces high-frequency noise into the control loop and adversely affects
the control effectiveness. Therefore, the RESO must be reconstructed to avoid differential
operations. This can be obtained by moving the term containing x, in Equation (19) to the
left side of the equation:
{22 — lle = ;3 + bp()u —Ilrzo 1)
Z3 — 13x1 = *1322

The new state variable is introduced such that

Zp = 20 — bhxy
{23 =z3—I3x (22)

According to Equations (21) and (22), the state equation can be obtained as follows:
fz =2Z3 —|: I3x1 + bliou -1 (22 + lle) (23)
z3 = —I3(22 + x1)

According to the pole configuration method, the poles of the observer are configured
to —w,, which gives an observer gain of

lz = 2wy, 13 = wg (24)

If the reconfigured RESO can observe zy, Z3 correctly, then z; and z; can be inversely
found according to Equation (22), and f}, can be found according to Equation (16). The
simplified control block diagram of the GFM power decoupling based on RESO is shown
in Figure 4. The compensation amount of decoupling is designed as follows:

ASe = fo /byo
{AEC = fa/boo 25)

As an example, the active power control loop is obtained by bringing Equation (25)
into Equation (13) in conjunction with Figure 4:

AP+ a)AP + ;AP = byoAd + fp
= bpo(Ado — Ade) + fo 26)
= bpo (Ado — fp/bpo) + fp
= bpoAd,
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The model deviation due to line impedance parameter perturbation and the dis-
turbance f;, of power coupling are accurately estimated by RESO, and the disturbance
compensation strategy is implemented based on typical power control strategy and virtual
impedance decoupling. When the deviation of the actual line impedance parameters occurs,
the power coupling can be suppressed, and the independent control of active and reactive
power can be realized.

AP
A‘Prci' - 1
+ , (Jps + Dp)

o :ﬂRLEsol—fL>| /6.,
e :ﬂRLESOw 1/b,,
. [

= —>
A0, } Js+D, AE AQ
AQ

Figure 4. Simplified control block diagram of GFM power decoupling based on RESO.

IS

3.2. Frequency Domain Analysis of ESO Disturbance Estimation Performance

In order to analyze the performance of the ESO for disturbance estimation, two transfer
functions from the actual total disturbance x3 to the ESO observed total disturbance z3 are
established, as well as the transfer function from the actual total disturbance x3 to the total
disturbance estimation error e3 = z3 — x3. Based on the derived transfer functions, the ESO
can be analyzed from the frequency domain perspective.

(1) The transfer functions from the actual total disturbance x3 to the ESO observed
total disturbance z3.

By associating (17) with Equation (18), the following can be obtained:

5C1 = X2
Xo = X3 + bpou
Z1 =2y + ﬁl(xl — 21) (27)
Zy = z3 + bpou + ‘32(361 —2z1)
z3 = B3(x1 — z1)

The Laplace transformation of Equation (27) yields a transfer function from the actual
total disturbance x3 to the observed total disturbance z3 as

_z3(s) _ B3
H (S) - X3(S) I ,3152 + ,325 + ,33 (28)

Let V1(s) = H1(s) — 1 be the transfer function from the actual total disturbance x3 to
the total disturbance estimation error e3:

_es(s) s° + B15% + Bas
Vils) = x3(5) 3+ pis?+ Pas+ s @)

(2) The transfer functions from the actual total disturbance x3 to the RESO observed
total disturbance z3.
By associating (17) with Equation (20), the following can be obtained:

Xp = x3+ bou
Zy = z3 + bou + lz(Xz — Zz) (30)
z3 = I3(x2 — 22)



Electronics 2024, 13, 1926

10 of 17

The Laplace transformation of Equation (29) yields a transfer function from the actual
total disturbance x3 to the observed total disturbance z3 as

z3(s) I3

Ha(s) = x3(s) T2 +Ips+13

(31)

Let V,(s) = Ha(s) — 1 be the transfer function from the actual total disturbance x3 to
the total disturbance estimation error e3:

_els) 2+ Ips
Va(s) = x3(s) 2+ls+I3 (32)

According to the pole configuration method, the poles of the two ESOs are configured
at the same position, taking w, = 200 rad/s and bringing it into Equations (28), (29),
(31) and (32). The Bode plots of V(s) and H(s) of the two ESOs can be obtained, as shown
in Figure 5. According to Figure 5a, from the amplitude-frequency curve, the third-order
ESO has a stronger suppression ability for high-frequency disturbances; however, from
the phase-frequency curve, the third-order ESO has an obvious phase lag, which will lead
to a delay in its response to the disturbances of the observed system, and consequently
weakening the compensation effect of the disturbances, and the phase lag of the RESO is
obviously reduced. From Figure 5b, it can be seen that the estimation error of the RESO is
more minor in the low-frequency band.

0 10
~ _of
8 50 2 1
2 T -10f “
3 re 7
2-100 T 20 A
2 150 270
= = -40f
-200 -50
g 90 LESO
rrrrrrrr RLESO
W —90f T-135]
2 o
2 5]
S -180f &-180
> £
-270 \ - -225 \ s - .
10° 10° 10° 10* 10° 10° 10' 10* 10° 10* 10°

(a) Frequency domain curve from x3 to z3

Frequency (rad/s) Frequency (rad/s)

(b) Frequency domain curve from xs to es
Figure 5. Frequency domain analysis of observation capabilities of different ESOs.

According to the pole configuration method, the poles of RESO are configured at differ-
ent positions, taking w, = 200, 400, 800 rad /s and bringing them into Equations (31) and (32).
The Bode plots of V5 (s) and Hj(s) of the RESO with different bandwidths can be obtained, as
shown in Figure 6. From Figure 6a, it can be seen that the RESO has the ability to suppress
high-frequency disturbances, but with the increase in the bandwidth, its ability to suppress
high-frequency disturbances gradually deteriorates; from the phase-frequency curves, with
the increase in the bandwidth, the phase lag of the RESO will gradually decrease. From
Figure 6b, it can be seen that the estimation error of RESO is very small for the disturbance
in the low-frequency band, and as the bandwidth increases, the estimation error of RESO
for the disturbance in the low-frequency band gets smaller and smaller; however, as the
frequency of the disturbed signal increases, the estimation ability of RESO gets worse and
worse, and when the frequency of the disturbed signal reaches a certain degree, RESO will
not be able to estimate it at all.
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Figure 6. Frequency domain analysis of RESO observation capability for different bandwidths.

4. Hardware-in-the-Loop Experimental Verification

In order to further verify the effectiveness of the proposed control strategy, a hardware-
in-the-loop experimental model of the GFM inverter with a structure corresponding to
Figure 1 is constructed. As shown in Figure 7, the hardware-in-the-loop system consists of
two parts: the controller and the RT Box. The controller adopts the chip TMS320F28379D
control board, which is connected to the RT Box through the interface board, and the
sampling data are also sent to the oscilloscope through the ports on the interface board to
display the waveforms. The RT Box is a real-time simulator specially designed for power
electronics applications. With numerous analog and digital input/output channels and
FPGA embedded CPU cores, it is a versatile processing unit for real-time hardware-in-the-
loop testing. It is able to perform a real-time simulation of the power stage of a power
electronic system and is connected to the host computer through Gigabit Ethernet to realize
data interaction.

LA
LCR

Digital Bridge
i

o

Oscilloscope

TMS320F28379D

Figure 7. Hardware-in-the-loop experimental platform.

The main parameters of hardware-in-the-loop are shown in Table 1. The size of the
line impedance in the low-voltage micro-network is Rg = 0.642 (/km, X = 0.083 (3/km,
and the impedance ratio is R/ X = 7.7 [37]. The nominal line impedance is selected as the
length of the line is 5 km, and the actual line impedance cases are designed as follows:
(1) +10% perturbation of the resistance parameter, +10% perturbation of the inductance
parameter; (2) +20% perturbation of resistance parameter, +20% perturbation of inductance
parameter; (3) +10% perturbation of the resistance parameter, —10% perturbation of the
inductance parameter; (4) +20% perturbation of resistance parameter, —20% perturbation
of inductance parameter.
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Table 1. Hardware-in-the-loop main parameter.

Parameters Value/Unit
Grid phase voltage (RMS) 220V
DC bus voltage 750 V
Grid frequency 50 Hz
Inverter side inductance 2mH
Network side inductance 0.4 mH
Filter capacitor 2.2 uF
Nominal line inductance 1.32 mH
Nominal line resistance 3.21Q
Switching frequency 100 kHz
Plant discretization time-step 500 ns

The main parameters of the controller are shown in Table 2. In order to ensure a suit-
able voltage-following capability for output voltage control, it is controlled by inner-loop
inductor current P control and outer-loop output voltage PI control. The virtual impedance
parameters are designed as Ry = —3 ), L, = 5 mH. When the resistive component of
the line impedance is large, it is inappropriate to increase the virtual inductance only by
increasing the virtual inductance, and the resistive component of the total equivalent line
impedance can be reduced by designing the virtual resistance as a negative value so that
the total equivalent line impedance appears to be purely inductive. RT Box can accelerate
the simulation using FPGAs. The plant discretization time-step for the experimental model
in this paper can be accelerated to 500 ns using FPGAs.

Table 2. Controller parameter.

Parameters Value
Current inner-loop proportional gain 5
Voltage outer-loop proportional gain 0.01
Voltage outer-loop integration gain 300
Active power observer bandwidth 700 rad/s
Reactive power observer bandwidth 500 rad/s
Virtual inductors 5mH
Virtual resistors -30
Virtual inertia factor for active power 0.04
Active droop factor 10.07
Virtual inertia factor for reactive power 5
Reactive droop factor 321.5

4.1. Verification of the Effect of Line Impedance Parameter Perturbation on Decoupling Ability

Under the initial state, the active power is 5 kW and the reactive power is 0 Var.
Figure 8 shows that when the active power setting is increased from 5 kW to 6 kW, the
reactive power changes by 1.7 kVar. Since the nominal line impedance is mainly resistive,
the power coupling phenomenon is more serious. Figure 9 shows that when using virtual
impedance for decoupling, the set value of active power is also increased by 1 kW, and the
reactive power only changes by 230 Var, which obviously reduces the coupling between
active and reactive power. However, Figures 10 and 11 show that when the GFM inverter is
operated at the actual line impedance, the active power set value is increased by the same
1 kW, the reactive power changes 430 Var in Case 1, and the reactive power changes 680 Var
in Case 2. It can be seen that the decoupling ability of the virtual impedance method is
affected by the line impedance parameter perturbation, which results in the decoupling
ability becoming worse. The greater the range of deviation of the impedance parameter,
the less effective the decoupling is.
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Figure 8. Without power decoupling (running at nominal line impedance).
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Figure 9. Power decoupling with virtual impedance method (running at nominal line impedance).
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Figure 10. Power decoupling with virtual impedance method (running at actual line impedance Case 1).
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4.2. Verification of ESO-Based Power Decoupling Control Strategy

Under the initial state, the active power is 5 kW, and the reactive power is 0 Var. The
parameters of the power decoupling strategy based on RESO are designed at nominal line
impedance. Figures 12-15 show that the reactive power changes by 100 Var for all four
kinds of line impedance parameter perturbation conditions when the active power setpoint
is increased from 5 kW to 6 kW. The RESO-based power decoupling strategy has better
decoupling capability and more robust decoupling when the line impedance has different
sizes of parameter perturbation.
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Figure 12. Power decoupling strategy based on RESO (running at actual line impedance Case 1, P
change of 1 kW).
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Figure 13. Power decoupling strategy based on RESO (running at actual line impedance Case 2, P
change of 1 kW).
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Figure 14. Power decoupling strategy based on RESO (running at actual line impedance Case 3, P
change of 1 kW).
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5. Conclusions

In this paper, a power decoupling control strategy based on RESO is proposed in
order to improve the robustness of the GFM power decoupling control strategy when line
impedance parameter perturbation occurs. The strategy considers the factors affecting the
power control performance, such as model deviation and power coupling caused by line
impedance parameter perturbation, as internal disturbances. Based on the typical power
control strategy and virtual impedance method, these disturbances are observed and com-
pensated in real time by the RESO. The RESO reduces the computing power of the control
system and decreases the phase delay of the system. Finally, through RT Box hardware-in-
the-loop experimental verification, it is demonstrated that the power decoupling control
strategy based on the RESO has better decoupling ability and improves the robustness of
the power decoupling control when the line impedance parameter perturbation occurs.
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