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%
Abstract: Considering the bidirectional three-phase DC/AC converter, it presents different impedance
characteristics on AC side under different power flow directions, resulting in different stability margin.
This may cause the system instability at high-power level. This directionally oriented stability
difference has not been paid enough attention in the grid-connected converter control. To mitigate
the stability variations under bidirectional power flow, a dynamic grid voltage-based impedance
reshaping control is proposed in this paper. The proposed method extracts the grid voltage dynamic
component, and correspondingly compensates the power output, which is capable of regulating the
power output coordinated with voltage dynamics in both power flow directions, neutralizing the
stability difference and enhancing the bidirectional power flow stability. Unlike the conventional
unidirectional damping optimization control in the current loop, the proposed control method can
maintain satisfied stability under bidirectional power flow through the grid side voltage, which can
avoid increasing the current loop delay, and thus endow the converter flexible bidirectional power
process capability. The effectiveness of the proposed method has been verified by both simulations

and experiments.

Keywords: grid-connected converter; impedance interaction; stability analysis; bidirectional control;
impedance control

1. Introduction

With the intensification of energy crisis and increasing of power demand, more and
more renewable energy-based generation units, such as the solar power generations and
wind power turbines, have been integrated into the power systems [1,2]. Power converters
have been widely used as the interface between distributed power sources and the power
grid. In the AC-DC hybrid power networks, such as the flexible DC power transmission and
DC microgrids, DC bus and the AC bus, are interconnected by the bidirectional converter,
and then the bidirectional power flow capability becomes essential [3]. Figure 1 shows
the bidirectional grid-connected converter. As shown, when there is excess energy in the
DC bus, the excessive energy will be transferred to the AC grid through the bidirectional
converter, named the forward power flow mode. When the distributed power supply of the
DC system cannot meet the local load demand, the inadequate electric energy is transferred
from the AC to DC side, named as a reverse or backward power flow. The grid-connected
bidirectional converter is responsible for not only interconnecting the DC and AC network,
but also for stabilizing both side networks [4]. Different power flow directions (DC to AC
or AC to DC) and power levels will have different effects on system stability [5]. Thus, it is
necessary to analyze and solve the bidirectional stability difference problem.

Currently, the state-space method and impedance-based method are the widely ap-
plied methods to analyze the stability of grid-connected converter system [6]. Generally,
the impedance-based method is simpler, because only sub-system impedance models are
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needed, and then the impedance-based stability criterion is utilized for stability evalua-
tion [7,8]. The d-q impedance modelling method is used to establish the impedance model
in a synchronous reference frame, and small-signal linearization around the static operating
point is also involved [9,10].

Forward Power Flow
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Figure 1. Bidirectional DC/AC converter.

When the power flows from the AC to DC side, under conventional power dispatching
control, the converter is performing as a constant power load (CPL) in the grid system [11].
The converter negative input impedance will, in turn, have a higher tendency to destabilize
the system [12]. The problem will inevitably be complex under the bidirectional power flow,
because the continuous power reversal will vary the converter impedance from negative
to positive values, reducing the capacity of bidirectional power transmission [13]. Con-
ventionally, the virtual impedance-reshaped methods are developed to solve the negative
impedance issues on the DC side [14,15]. In [16], an improved virtual impedance control
strategy is proposed, which changes the DC output impedance of the DC voltage control
converter to improve the transmission capacity of the system but does not solve the prob-
lem of negative impedance from the impedance characteristics. In [17], for the cascaded
converter system, the output impedance of the DC bus voltage controlling converter and
the input impedance of the constant power control converter are reshaped. However, only
the DC side impedance under the bidirectional power flow is studied. Therefore, this paper
focuses on the AC side converter impedance under bidirectional power flow.

The optimization of the AC side impedance is a supplement to the converter AC
side stability. Regarding this point, in [18], an implementation is given to damp the sub-
synchronous resonance for the rectifier AC side. In [19], an impedance controller was
proposed to reshape the g-axis impedance to a positive resistance in the low frequency.
In [9], a feedforward control method was proposed to compensate the PLL disturbance to
correct the output impedance of the AC side of the converter. The majority of the literature
focuses on the negative impedance in unidirectional power flow and lacks a detailed
analysis of the bidirectional stability difference caused by the variation of impedance
characteristics on the converter AC side. In [20], the instability mechanism of the converter
under different working conditions is studied, and it is proposed to reduce the parameter
value on the positive feedback path to improve the stability of the converter, but the research
on the full impedance characteristic of the converter is lacking. Generally, the literature
mostly focuses on the negative impedance of the AC side under unidirectional power flow,
and the bidirectional stability difference has not been well noticed.

Thus, this paper digs into the bidirectional converter impedance-based stability on the
AC side. A dynamic voltage-based impedance reshaping control is proposed in this paper,
which aims to improve bidirectional stability performance on AC side. The proposed
method extracts the AC grid voltage transient component to dynamically compensate
the power output, which contributes to the bidirectional converter presenting a similar
impedance; thus, the converter AC side behaves as well damped in both the forward and
reversed power flow. Since the voltage dynamic component is utilized to compensate the
power output, conventional virtual impedance solutions apply the feedback current signal
to mimic the series resistance through a virtual impedance coefficient, which may reduce
the dynamic response speed of current control loop and increase the time delay. While in
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the proposed control, the impedance reshaping signal is extracted from grid voltage, and
correspondingly varies the current reference, which can avoid the interference to current
control loop, presenting a better current loop performance.

This paper is organized as follows: Section 2 presents the impedance modelling, and
Section 3 presents the details of the proposed bidirectional impedance reshaping control.
Section 4 shows the simulation and experiment results. Finally, Section 5 summarizes
the conclusions.

2. Impedance Modeling and Stability Analysis of Grid-Connected DC/AC Converter
System under Conventional Control

2.1. Topology and Control of Grid-Connected Converter System

Figure 2 shows the topology and conventional control of grid-connected converter
system. As in Figure 2a, Uy, represents DC-side voltage; C represents DC-side capacitance;
ea, ¢p and e. are mid-point voltages of converter; i,, i, and i. are AC-side three-phase
grid-connected currents; u,, up, and u. are AC-side grid-connected-point voltages; L¢ and Ry
are filter inductance and resistance, respectively; Ly and Rg are equivalent line inductance
and resistance of AC grid, respectively. In grid-connected converter system, due to the
practical working condition, the power flow is bidirectional, such as the interface DC/AC
converter in DC/AC hybrid networks. Specifically, the power flow direction from the DC
side to the AC grid is specified as the forward direction. Contrarily, the direction from the
AC grid to the DC side is recognized as a reversed power flow.

I E— Bidirectional power flow
Pl »

+ <« >

Lk Re i, 'y Ly R

Udc—

Oll

grid-connected | )
converter subsystem: AC grid subsystem

DC/AC topology

dg/abc

R

(b)

Figure 2. Grid-connected converter system. (a) Topology; (b) control unit under conventional direct

power control.

Figure 2b is the control block diagram of conventional constant power mode, which is
used to adjust power level and flow direction, and there is no power outer-loop. In the d-q
rotation reference frame, the power can be calculated as

{P:15@ﬂw+%%) )

Q = 1.5(udiq — quid)
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where u,; and 1, are the grid-connected-point voltages on the d-axis and g-axis, respectively.
iy and i, are the grid-connected currents on d-axis and g-axis, respectively. If the d-axis
voltage is oriented along the AC grid voltage vector position, then 1, is 0, and the grid-
connected current references can be expressed as
i* = 2P*/3u, o
ig* =2Q"/3uy

where P* and Q" are active and reactive power references, respectively; i;” and i, are
current references on the d-axis and g-axis, respectively.
The current inner-loop adopts PI controller, which can be expressed as follows.

Gi(s) = Kpi + Kji/s 3)
where Kp,; and Kj; are the proportional coefficient and integral coefficients, respectively.

2.2. Impedance Modeling of Grid-Connected Converter under Conventional Control

Small-signal models of converter impedance under current and power dispatching
control in single power flow direction can be obtained in [9]. By following this derivation
process, the output and input impedance model of converter under direct power control
can be derived, respectively. The output impedance under the forward power flow is
modelled first.

The output impedance small-signal model is shown in Figure 3. The influence of
Phase-Locked Loop (PLL) is considered in the d-g frame. In a steady state, the system d-q
frame and controller d-q frame can coincide with each other. The PLL dynamics give rise
to the angle difference between the two d-g frames when the grid voltage is disturbed by
externals. The variable, in the system d-g frame and controller d-q frame, can be represented
with the superscript s and c, respectively [11].

Controller d-q frame

[Ar]oxz[€

Figure 3. Small-signal model of grid-connected converter with conventional direct power control
under forward power flow.

In the system d-q frame, A; is the transfer function matrix from duty ratio perturbation
Ad° to grid current perturbation A#®, shown as

A — Uge |:Lf5 + R¢ a)gLf ] @)

(Lgs + Re)* + (ngf)2 —wgls  Lgs+ Ry

Aj is the open-loop output impedance matrix without PLL, from voltage perturbation
Au’ to grid current perturbation A#®, and its expression is
Zig Zg ] [Lfs + Ry —weLs :|
Ay = 1 = & 5
2 [zqd Zgq weli  Lgs+ Ry ©®)
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In the controller d-q frame, A3, A4 and As are the small-signal transfer function from
the actual AC grid voltage to the controller grid voltage, the controller grid current and the
controller duty ratio in the d-q frame, respectively, shown as

0 1i,5G
As — 17 ) pLL(S) ©)
0 —i°Gpri(s)
1 G
Ay = Ug pLL(S) @)
0 1—us°Gpryr(s)
0 —-D,5G
As — Z pLL(S) ®)
0  Dgz°Gprr(s)

where D;* and D,° are the duty ratio on d-axis and g-axis, respectively; Gpr(s) is the
transfer function of PLL small-signal model, as:

o Gpll(s)
GprL(s) = W )

where Gy (s) is the expression of the PLL regulator, Gpi(s) = Kppn + Kipn/s.
Ag is the matrix of active and reactive power.

The constant expression C; = -2/ (3U,4?), and Uy is the average value of the grid
voltage under steady state, which is 311 in this paper.
Ay represents the decoupling term.

_ 0 —2wglL¢/Uge
A7 = [ngLf/udC 0 (11)
Ag is current inner-loop controller matrix.
_[Gils) O
=% Gl &

From Figure 3, considering the effects of PLL and conventional direct power control,
the converter output impedance matrix for forward power flow can be derived as

I+A(Ag —Ay)
Ay' + A1 [—C1A6ALAs + A3(As — A7) — As)

Lot = (13)

Under forward power flow, the converter is performing as a constant power source
(CPS). However, the converter is simplified to CPL when the power flows along the reverse
direction [21]. Similar to the output impedance modelling under forward power flow, the
input impedance small-signal model can be obtained and is shown in Figure 4.

From Figure 4, the converter input impedance matrix for reverse power flow can be
derived as

_ I+A(As — A7)
A7+ A1[C1A6A4Ag + A3 (A7 — Ag) + As|
According to Equations (13) and (14), the Bode diagrams of converter output and

input impedance as power increases can be plotted and are shown in Figure 5, which can
then be used for analyzing the converter bidirectional impedance characteristic differences.

Zin

(14)
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Controller d-q frame
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Figure 4. Small-signal model of grid-connected converter with conventional direct power control
under reverse power flow.
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Figure 5. Bode plots of converter output and input impedance as power increases. (a) Output
impedance under forward power flow; (b) input impedance under reverse power flow.
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As obviously seen, the magnitude of Z;; and Z, is far larger than the magnitude of
Zgq and Zgg, s0 Zy; and Z g4 can be negligible [22]. After decoupling, the d-d impedance
component and g-q component regulate the active power and reactive power independently.
In high-power factor AC scenarios, the system stability is mainly determined by the d-
d impedance component [23,24]. Therefore, the d-d impedance component is used to
investigate the impedance characteristics and AC side stability in the following theoretical
analysis. From Figure 5a, the phase of Z; is closed to 0° at low frequency, which means
the output impedance under forward power flow is a positive damping characteristic and
can be simplified to a positive resistance (+R). Moreover, from Figure 5b, the phase of Z;; is
close to 180° at low frequency, which means the input impedance in reverse direction is
a negative damping characteristic and can be roughly simplified to a negative resistance
(—R). Besides, as power increases, the magnitude of Z;; at low frequency reduces, and its
negative damping region becomes wider, since the input impedance can be seen as a CPL.

2.3. Impedance Interaction with Conventional Direct Power Control

The grid-connected converter and AC grid are interconnected by the long transmission
lines and isolated transformers [4]. Therefore, the grid equivalent grid impedance can be
taken as a series of connected inductors and resistors [25]. In the d-q frame, the impedance
matrix Zg can be expressed as [26]

Z ad Z d L,s+ R —woL
Zo = [ g gaq | _— g g g-g (15)
Zoga  Zgag wglg  Lgs+ Ry

where wyg is AC gird voltage angular frequency.

Figure 6 shows the Thevenin Norton equivalent circuit of bidirectional grid-connected
converter system under conventional direct power control. Based on the generalized
Nyquist criterion [27,28], the d-d impedance component of system minor loop gain T4
can be defined as Equation (16).

Zodd Zodd
Todd = 50— = -2 (16)
o Zowt—dd  Zin—dd

where Z 44 and Zy, 45 are the d-d impedance components of the output and input
impedance of the converter, respectively.

Forward power flow Reverse power flow
» <
2 7,

| |
| |
| |
Icon Zout I Ug Ci lcon Zin | Ug<i>
| |
i i
I I
| |

Figure 6. Thevenin Norton equivalent circuit of bidirectional grid-connected converter system under
conventional direct power control.

Based on the minor loop gain and the established converter impedance model, the Nyquist
plots at a low-power level (0.5 and 1.5 kW) and relative high-power level (10, 20 and 30 kW)
under the forward power flow are shown in Figure 7a. Besides, the Nyquist plots of reverse
direction are shown in Figure 7b.
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Forward power flow
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Figure 7. Nyquist plots obtained as power increases under conventional direct power control: (a) in
the forward power direction and (b) in the reverse power direction.

Firstly, comparing Figure 7a,b, at the low-power level, the gain margin (GM) in the
forward power direction is larger than that in the reverse power direction. Moreover,
at the high-power level, the Nyquist plots are noted to move away from (—1, j0) as the
power increases when the power flows along the forward direction. That means the
system can still remain stable under positive damping. However, the Nyquist plots, in the
reverse power direction, are noted to move closer to (—1, jO) as the power increases. That
means the system stability is gradually compromised and becomes unstable owing to the
negative impedance.

To sum up, at the low-power level, there is gain margin difference between the forward
and reverse power flow. At the high-power level, there is stability difference between the
two power directions. Therefore, the impedance-reshaped stability-enhancing control is
needed to eliminate the influence of negative impedance, thus improving the system power
transmission capacity under bidirectional power flow.

3. Impedance-Reshaped Stability-Enhancing Control
3.1. Impedance-Reshaped Stability-Enhancing Control

Since the negative impedance exists when the converter is operating as a constant
power load, the changing trends of voltage and current are opposite [15]. In order to turn
negative impedance into positive impedance for the converter, a conventional impedance-
reshaped control strategy is developed as shown in Figure 8a. In [29], the output impedance
is shaped to an impedance with ideal characteristics by independently designing the current
control loop and virtual impedance parameter design. However, this virtual impedance
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control will increase the time delay of current control loop, thus reducing the stability
margin. Therefore, this paper presents the stability-enhancing (IRSE) control, and the
control scheme is shown in Figure 8b.

Virtual

impedance

iq - er
. Virtual
Ug iq =

impedance

(a) Conventional virtual impedance control

Impedance
controller

(b) Proposed control

Figure 8. Control scheme of impedance-reshaped stability-enhancing control.

From Figure 8b, a second-order low-pass filter (LPF) is applied in the extraction of
grid voltage perturbation. Then, the voltage perturbation u;~ is added to the active power
references after passing through an impedance controller. The principle of proposed control
is to reflect the voltage disturbance on the active power, so that the changing trends of
voltage and current can be kept the same, causing the negative impedance to be reshaped
to a positive impedance and enhancing the system stability.

As in Figure 8, the voltage perturbation u;™ is derived as

ug™ = (1 — Grpr(s))ug = Gu(s)uy (17)

where Grpp(s) is the transfer function of second-order low-pass filter, and Gy(s) is the
transfer function of voltage perturbation extraction.

_ §% + 20 wns
52 4 20wns + wn?

Gul(s) (18)
where wy, is the undamped natural frequency, wn = 27f; f. is the filter cutoff frequency;
and ( is the damping ratio, generally ¢ = 0.707.

The cutoff frequency f is related to the system stability and dynamic performance.
Specifically, if f is too high, the extraction process of voltage perturbation is not sufficient,
which means the effect of the proposed control is relatively poor. If f. is too low, however,
the dynamic performance will be severely affected. After comprehensive consideration, the
cutoff frequency f. is designed as 50 Hz in this paper.
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The input of the impedance controller is u;~, and the output is added to P". In order
to make the output of the impedance controller 0 in the steady state (zero output) and
compensate only during transient, it is designed as a P controller rather than a PI controller.
The impedance controller G,(s) can be expressed as

Gy (5) = sz (19)

From Figure 8, after introducing the IRSE control, the active power reference satisfies
the following equation
G:(s)ug™ + P* = 1.5u,i;" (20)

Substituting Equation (17) into Equation (20), linearizing Equation (20) around the
steady-state value and ignoring the second-order perturbations, the small-signal equation
can be written as

Gz (8)Gu(s)Auyg = 1.5Auyl;* + 1.5U A1 (21)

According to Equation (21), the relationship between Au; and Aiy’ is obtained as follows.

Aud 1.5ud
Aig* —15I1;* + Gz(s)Gu(s) @2)

The input impedance under IRSE control can be equivalently expressed as follows.

Aud Aud 1
Zin,eq - Ais ~ Al - 71 1 (23)
d d Zin—dd ~ ZIRSE

Define Zirgs as
1.5Uy,

ZIRSE = =73~ 7o)
> Gz(s)Gul(s)
Thus, the equivalent circuit under IRSE control in reverse power direction can be

obtained and is shown in Figure 9. On the basis of the original impedance, a novel positive
impedance is connected in parallel.

(24)

Reverse power flow

A

Icon Zin ZIFZSE

Figure 9. Equivalent circuit under IRSE control in reverse power direction.

Aiming at reshaping the negative impedance to positive impedance in the reverse
power direction, the first requirement is to make Gy (s)Gy(s) > 151, according to Equation (22).
Moreover, the second requirement is to increase the magnitude of the reverse impedance.
That means G,(s)Gy(s) cannot be set too large. After comprehensive consideration, the
proportional coefficient K, of the impedance controller is designed as 3 I; in this paper.

3.2. Impedance Modelling with Proposed Control
According to Equations (2) and (21), the current perturbation matrix can be derived as

)=t S [a]
Aig* 3UZ[QF —P*| |Aug

2 1 [Gz(s)Gu(s) 0] [Auy
3 0 0] [Aug

(25)
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Equation (25) can be simplified as
AT*C = C1A6Auc + CrAgAu© (26)
Define matrix Ag as

According to Equation (26), based on Figures 3 and 4, the small-signal block diagram
under IRSE control can be obtained and is shown in Figure 10. Thus, according to Figure 10a,
the converter output impedance under IRSE control can be derived as:

I+ A, (Ag —A7)

-1 —(C1A6 + C2A9)A4A8+
Ay A [ Az(Ag — A7) — As

/
Zout =

(28)

C -q f
ontroller d-q frame er_L
g 7]2><2‘

+
+

(b)

Figure 10. Converter small-signal block diagram under IRSE control: (a) in the forward power
direction and (b) in the reverse power direction.

Based on Figure 10b, the converter input impedance under IRSE control can be derived as:

I+ A (Ag— A7)
(C1A6 + CrA9)A4Ag+
A3(A7 — Ag) + As

A
Zin—

(29)
Ayl + A

According to Equations (28) and (29), Bode diagrams of converter output and input
impedance under conventional control and IRSE control can be plotted and are shown
in Figure 11. As obviously seen, the magnitude of output and input impedances remain
roughly unchanged after adopting the IRSE control. Besides, the input impedance is
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reshaped from negative resistance (—R) to positive resistance (+R) at low frequency under

IRSE control, which means the proposed control is quite effective.

60

40

Magnitude
(dB)

--------- T~

foil

\Positive mpedance

10° 10* 10 10° 10

Figure 11. Bode diagram under conventional control and IRSE control at 15 kW.

4
Frequency (Hz)

3.3. Impedance Interaction with the Proposed Control

Based on Equation (16) and the established converter impedance model under IRSE
control, the Nyquist plots at a low-power level (0.5 kW and 1.5 kW) and high-power level
(10 kW, 20 kW and 30 kW) in the forward power direction are shown in Figure 12a. Besides,

the Nyquist plots of the reverse direction are shown in Figure 12b.
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Figure 12. Nyquist plots obtained with power increased with IRSE control: (a) in forward power

direction; (b) in reverse power direction.
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From Figure 12a,b, at the low-power level, the gain margin (GM) in both the forward
and reverse power direction is very large. Moreover, at the high-power level, the system,
under bidirectional power flow, can remain stable when P” increases, adopting IRSE control,
where Nyquist plots remain far away from (—1, j0). Compared with Figure 7, without
sacrificing the stability under forward power flow, the reverse stability is greatly enhanced
under proposed method.

3.4. The Influence of Voltage Reduction on the System Stability

For illustrating a more obvious difference in system stability at low-power level, the
Nyquist plots shown in Figure 13 were drawn for the case of the grid voltage reducing from
155 to 80 V at 1.5 kW along the reverse flow path. In particular, Figure 13a shows Nyquist
plots of the conventional scheme. It is seen that the stability margin becomes smaller as the
grid voltage reduces, where the curves gradually approach (—1, j0). Such degradation is,
however, not seen in Figure 13b, where Nyquist plots of the proposed scheme remain far
away from (—1, j0). To sum up, at the low-power level, through reducing the grid voltage,
the impact of negative impedance on the system stability and the effect of proposed control
can become more obvious.

0.6 ‘ ‘ ‘
Conventional control

04 - Reverse power flow
2 0.2
<
>
g0 f
2
1S
=-0.2

-0.4
-06 s s s s i s s s
-1 -08-06 -04-02 0 02 04 06
Real Axis
(a)
15 I I I I
IRSE control voltage reduce
Reverse power flow &

1 A
0 05+ 1
S0+ .
s | (LD
E-05 1

_1, 4

-15 \ \ I \ \
T -05 0 05 1 15
Real Axis
(b)

Figure 13. Nyquist plots obtained with voltage reduced for reverse power flow at 1.5 kW:
(a) conventional control and (b) IRSE control.
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4. Simulation and Experiment Results
4.1. Simulation Results

In order to verify the validity of the proposed control, a simulation model of the three-
phase grid-connected converter system was built under the software of Matlab/Simulink,
based on Figure 2a. The simulation parameters are shown in Table 1. Based on the same set
up, the conventional direct power control was compared with the proposed control.

Table 1. System parameters.

Parameter Value
Ugce 400V
wg 27t x 50 rad/s
fsw 10 kHz
C 400 uF
L¢ 3 mH
R¢ 010
Lg 1mH
Rg 010

Figure 14 shows the simulation results at the low-power level with P changing from
500 W to 1500 W, and U = 155 V. As shown in Figure 14a,b, under conventional direct power
control, the fluctuations of the power output and current in the forward power direction
are slightly larger than that in the reverse direction when P changes. That demonstrates
the existence of a stability difference between the two power directions. After adopting
the IRSE control, the reverse negative impedance of the converter is reshaped to positive
impedance. As shown in Figure 14c,d, the reverse fluctuations are reduced and the system
stability is enhanced, making the bidirectional stability difference decreased.
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> 2000 1500w | x~1000 500w
< 1000. _500W | a-2000 1500W
0 300
L PR
-10 -10 \
0.02 0.03 004 005 0.06 0.07 0.08 0.02 0.03 004 005 0.06 0.07 0.08
Time (s) Time (s)
(@) (b)
3000 0
> 2000 1500w ;—1000 500W
o 1000F 500W T-2000 1500W
0 -3000
QYO § ol QU
<
§ o § oS
T -10 T 10
0.02 003 0.04 005 0.06 0.07 0.08 002 003 004 0.05 006 0.07 0.08
Time (s) Time((s)
(c) (d)

Figure 14. Simulation results at the low-power level as P changes, with U; = 155 V. (a) Conventional
control under forward power flow. (b) Conventional control under reverse power flow. (c) IRSE
control under forward power flow. (d) IRSE control under reverse power flow.

To more clearly and intuitively demonstrate the bidirectional stability difference at the
low-power level, through reducing U, (U; = 100 V), the simulation results as P changes
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are obtained and shown in Figure 15. The system stability in the reverse power direction
is deteriorated, as reflected by the larger oscillations noted in Figure 15b. IRSE control,
on the other hand, produces smaller oscillations in both the forward and reverse power
directions. Therefore, IRSE control can offer a more uniform behavior that is less sensitive
to voltage variations.

3000 0
2000 1500W
§ 1000,  500W %'2000 200w
—4000 1500W
0
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< <
3 ooy 3 =R
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Time (s) Time (s)
(@) (b)
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< 10 P 10
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Time (s) Time (s)
(c) (d)

Figure 15. Simulation results at low-power level as P changes, with U; = 100 V. (a) Conventional
control under forward power flow. (b) Conventional control under reverse power flow. (c) IRSE
control under forward power flow. (d) IRSE control under reverse power flow.

Figure 16 shows the simulation results of the traditional power control, the virtual
impedance optimization control and the proposed optimization control when the forward
and reverse powers have a step change. When the power flows in bidirectional directions,
the virtual impedance can effectively suppress the power oscillation under the traditional
power control, but there is the problem of the time delay of the current control loop and the
low stability margin. IRSE control has a fast response time in both the forward and reverse
power directions and is more sensitive to load changes.

3OOG — Traditional
Rirtual Impedance
2000 1500W |~ Proposed Control
< 10000 _500W |

0
3000,
2000 1500W

Q- 1000f  500W

0
3000,
2000 1500W

Q- 1000  500W

0
0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time (s)

(a)

Figure 16. Cont.
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Figure 16. Simulation results with different control strategies at the low-power level as P changes,
with Uy = 155 V: (a) under forward power flow and (b) under reverse power flow.

Figure 17 next shows the simulation results at the high-power level with P changing
and Uy = 155 V. Figure 17a,b shows the simulation results under conventional control. As
illustrated, while P increases gradually, the system can still remain stable under the forward
power flow. However, when the power flows along the reverse direction, the overshoot and
oscillations become larger, while P increases from 10 to 20 kW, and the system can return to
stability. While P continues to increase from 20 to 30 kW, the power output cannot return
to stability and produces continuous large-scale oscillations. From Figure 17c¢,d, after using
IRSE control, the overshoot and oscillations in the reverse power direction are reduced
greatly, and the system can remain stable in both forward and reverse power direction.
That means that the bidirectional stability difference is very obvious at the high-power
level when P increases before optimization. The proposed method can effectively decrease
the difference and enhance the system stability.
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Figure 17. Simulation results at the high-power level as P changes, with U; = 155 V. (a) Conventional
control under forward power flow. (b) Conventional control under reverse power flow. (c) IRSE
control under forward power flow. (d) IRSE control under reverse power flow.
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4.2. Experimental Results

In order to verify the simulation results at the low-power level, a scaled-down pro-
totype was also built for experimental testing, and the image of prototype is shown in
Figure 18. The experimental parameters are also shown in Table 1. The control unit is
dSPACE MicroLabBox 1202/1302, and the power curves are observed on the oscilloscope.
The results acquired are described as follows.

Grid&Transzrmer Filter Converter DC source

dSPACE

Figure 18. Experimental setup.

Figure 19 shows the experimental results with P increasing from 500 W to 1300 W and
U; =100 V. Figure 19a,b illustrates the waveforms under conventional control. As shown,
the system automatically returns to the novel steady state only with 2.7 ms in the forward
power direction. However, under the reverse power flow, both the power and current
waveforms produce a larger overshoot, and it took 8.6 ms to return to stability. After
introducing the IRSE control, as shown in Figure 19c¢,d, the reverse overshoot is greatly
reduced, and system can quickly return to stability in about 2.8 ms under bidirectional
power flow.
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Figure 19. Experimental results as P changes, with U; = 100 V. (a) Conventional control under
forward power flow. (b) Conventional control under reverse power flow. (c) IRSE control under
forward power flow. (d) IRSE control under reverse power flow.
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Figure 20 then shows waveforms of power and grid-connected current with P increas-
ing from 500 W to 1300 W and U, = 80 V. Compared with Figure 19b, the overshoot and
oscillations are larger in Figure 20b. The stability difference between the forward and re-
verse power becomes more obvious through reducing voltage. Compared with Figure 20b,
the overshoot is decreased greatly, and the system stability is enhanced in Figure 20d due to
the reshaping of the negative impedance to positive impedance. At same time, compared
with Figure 20a, the forward stability is not influenced after using IESR control shown in
Figure 20c.
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Figure 20. Experimental results as P changes, with U; = 80 V. (a) Conventional control under forward

power flow. (b) Conventional control under reverse power flow. (c) IRSE control under forward
power flow. (d) IRSE control under reverse power flow.

5. Conclusions

This paper analyzed the impedance interactions for the bidirectional grid-connected
converter. Impedance stability evaluations showed that, under conventional direct power
control, the system stability will deteriorate in the reverse power direction, because of
the negative impedance of the converter as a constant power load. Additionally, there
is obvious bidirectional stability difference problem at the high-power level. At the low-
power level, the stability difference existed in the margin domain, which is further widened
through decreasing voltage. Based on these stability issues, the impedance-reshaped
stability-enhancing control was proposed, which is capable of reshaping the converter
input impedance from a negative-resistive to positive-resistive impedance in the low-
frequency domain of reverse power mode. Moreover, the system can remain stable in both
the forward and reverse power direction, and the bidirectional power transmission capacity
can be increased. The conclusions are verified by the impedance bode plots, as well as with
the Nyquist stability criterion. Simulations and experimental results are also provided to
verify the effectiveness of the proposed control strategy.
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