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Analysis and Suppression Strategy of Synchronous
Frequency Resonance for Grid-Connected Converters
With Power-Synchronous Control Method

Xiaoling Xiong

Abstract—The power-synchronization control (PSC) method of
grid-connected converters, which is based on the active power
orientation, is a promising solution for high-penetration renewable
power generation systems. Unfortunately, synchronous frequency
resonance (SFR) is inevitably found in PSC-controlled converters,
especially when connected to inductive networks, which seriously
damages the stability of the system. The relatively small equivalent
resistance of the inductive network is regarded as the main cause of
SFR, and a virtual resistor (VR) is usually employed to dampen this
kind of oscillation. However, another important reason for SFR is
the nonminimum phase effect of the loop gains, which is discussed
in this article. Considering the dynamics of the grid equivalent
inductance, the small-signal model of PSC-controlled converter is
established. By this, the mechanism of SFR and the nonminimum
phase effect are revealed. Furthermore, a conjugate poles elim-
ination control method based on auxiliary branches introduced
into the power control loops is proposed to suppress SFR, which
can also broaden the control bandwidth compared with the VR
method. Finally, the theoretical analysis is verified by simulations
and hardware-in-loop experimental results.

Index Terms—Grid-forming converter, power-synchronous con-
trol, synchronous frequency resonance (SFR) suppression, voltage
source converter (VSC).

1. INTRODUCTION

HE increase in renewable power resources is continuously
T integrated into power grids through voltage source convert-
ers (VSCs) in recent years. The grid-connected VSCs are widely
employed as an important interface device between new energy
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generation and the power grid [1], which is mainly divided into
grid-following VSCs and grid-forming VSCs based on their
different synchronization methods [2].

The vector-current-controlled grid-following VSCs are the
dominating method in numerous applications, which regulate
the instantaneous power through a fast inner current control
loop. To maintain synchronization with the grid, a phase-locked
loop (PLL) is usually adopted in grid-following VSCs to detect
the accurate frequency and phase of the grid, i.e., the point of
common coupling (PCC) voltage [3], which works well as long
as the PCC voltage is stiff. However, the real grid is becoming
weaker and weaker as the renewable energy penetration, and
power electronic-based devices are increasing more in the grid
[4]. Under this weak grid condition, the real PCC voltage varies
a lot with the different injected currents to the grid, which
seriously damages the stability of grid-following VSCs, due to
the significant negative resistance effect of the PLL [5], [6], [7].
Moreover, the grid-following VSCs operate as a current source,
which cannot directly support the voltage and frequency for the
loads [8]. These issues limit the further increase of the renewable
power penetration scale into the grid.

In order to improve the stability of the power system domi-
nated by power electronic devices, the concept of grid-forming
VSCs was proposed in [9]. In contrast to grid-following VSCs,
grid-forming VSCs synchronizes with the grid based on active
power orientation, which is a family of control schemes where
the operation of synchronous generators (SG) is emulated, such
as virtual synchronous generator (VSG) control [10]. In most
literature, the dynamics of the grid equivalent inductance are
ignored, then the outer-loop controlled VSG is regarded as a
second-order system due to the virtual inertia block. A large ac-
tive power droop coefficient, the reciprocal of which corresponds
to a small damping coefficient, may lead to low-frequency
oscillations, i.e., subsynchronous oscillations in [11] and [12].
The extra damping torque with auxiliary control methods needs
to be added to dampen this kind of low-frequency oscillation
[13], [14].

Different from the objective of VSG, the PSC method is
proposed in [15], which also belongs to the grid-forming control
family, but aims to stabilize the grid-connected VSCs, not to
provide virtual inertia. Since then, the power-synchronization
control (PSC) strategy has been widely used in different ap-
plications, such as long-distance transmission systems [16],
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weak-grid applications [17], [18], and renewable power re-
sources interface converters [19], [20]. If ignoring the dynamics
of the grid inductance, a PSC-controlled VSC can be regarded
as a first-order system. In this way, low-frequency oscillations
will not occur. However, the dynamics of the grid equivalent
inductance do have an impact on the low-frequency stability of
the PSC-controlled VSC, which is called synchronous frequency
resonance (SFR). SFR only occurs in the power control loops
of grid-forming converters due to the dynamics of the grid
inductance, which has been first reported in [15] and further
studied in [21] and [22].

When the dynamics of the grid inductance are considered, it is
found that a pair of conjugate poles exist in the open-loop gains,
which is related to the equivalent grid resistance and inductance.
This pair of poles will introduce a resonance peak and cause
—180° phase jump around the synchronous frequency. Thus, it
might trigger an oscillation in the output power of the converter.
Since the frequency of the oscillation is around the synchronous
frequency, this phenomenon is, thus, called SFR in [15]. SFR
is a great threat to the stable operation of the power system
[23], [24]. Several papers have shown that the relatively small
equivalent resistance of the inductive network is the main cause
of SFR. Yet, the other reasons have been rarely investigated.

To dampen SFR, a virtual resistor (VR) is usually employed
without introducing power loss [14]. Yet, adding a VR enlarges
the ratio of the equivalent resistance to the equivalent reactance
of the system. As a result, the coupling effect between the active
power control loop (APCL) and the reactive power control loop
(RPCL) is increased [25], making it more difficult to control
them independently. Meanwhile, the VR may reduce the active
power transfer capability and narrow the stability region of
the system [26]. A phase-amplitude cross-regulation scheme
is proposed to remove the resonance peaks for VSG in [25].
However, the power angle for power transfer is relatively small,
and in other words, it is designed for light or small active power
injected into the grid, which cannot be satisfied under most
conditions. As a usually used method for analyzing the stability
of VSCs, the small-signal model can accurately reflect the low-
frequency dynamics of the system around the equilibrium point
and is also helpful for understanding the physical mechanism.
Therefore, a generalized small-signal model for PSC-controlled
converters should be developed, and the mechanism of SFR
should be investigated thoroughly. An SFR suppression method
considering a wide power range is also required.

This article is going to solve the aforementioned problems,
and the main contributions can be summarized as following.

1) A small-signal model for a PSC-controlled grid-connected
converter considering the dynamics of the grid equivalent
inductance is established, and a mathematical model con-
sidering the coupling effect between APCL and RPCL is
derived. Through them, it is found that not only the small
equivalent resistance of the grid but also the nonminimum
phase effect of the loop gains is the main important cause
for SFR.

2) In order to suppress SFR of the PSC-controlled converter
and enhance the stability, a conjugate poles elimination
control method based on auxiliary branches introduced
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into the power control loops is proposed. This method
can not only eliminate the conjugate resonant poles in
the open-loop gains of APCL and RPCL, but can also
remove the nonminimum phase effect in the power control
loops, resulting in the stability of the system being greatly
improved.

3) Compared with the VR method, the proposed conjugate
poles elimination method can suppress the SFR and also
effectively broaden the power loop’s control bandwidth,
improving the system’s dynamic response and making it
adaptive to a wider range of system parameters.

The rest of this article is organized as follows. The con-
figuration and small-signal model of the PSC-controlled grid-
connected converter is presented in Section II, by which the
mechanism of SFR, i.e., the nonminimum phase effect, is re-
vealed. To suppress SFR, a conjugate poles elimination control
method based on auxiliary branches introduced into the power
control loops is proposed in Section III, which also provides a
design-oriented process of the proposed method. The theoretical
analysis is validated by simulation and hardware-in-loop exper-
imental results in Section IV. Finally, Section V presents the
conclusion.

II. MECHANISM OF SFR IN PSC-CONTROLLED
GRID-CONNECTED CONVERTER

A. Configuration of PSC-Controlled Grid-Connected
Converter

The topology and control block diagram of the PSC-
controlled grid-connected converter is shown in Fig. 1. The
converter is connected to the PCC through a filter, which consists
of Lyand Cy. R, and L, represent the equivalent resistance and
inductance for the grid. V; = V,e/“s* (the angular frequency w,
is usually equal to the rated angular frequency wg) and Ve =
Vpee€? Ovce represent the space vectors for the grid voltage and the
PCC voltage, respectively. I is the space vector of the current
injected into the grid at the PCC. P,,; and @), are the output
active and reactive power at the PCC. Moreover, the low-pass
filter is used to filter out the high-frequency power fluctuations
in P, and @y, in which w, is the cut-off frequency of the
filter. D, and D, denote the droop coefficients of the APCL and
the RPCL, which are usually determined by the grid code [27].
P.cy and @,y are the active and reactive power references,
respectively, and V.. s is the rated phase voltage amplitude.

As shown in Fig. 1, the voltage and current inner control
loop are usually used to control V¢ to track the PCC voltage
reference, i.e., Vpr = V), €79 Since the bandwidth of the inner
loop is typically designed to be much higher than that of the
outer power loop [28], the inner loop can be regarded as a unity
gain. Namely, an ideal PCC voltage reference tracking can be
achieved, such that Ve = Vi,

B. Mathematical Model of PSC-Controlled Grid-Connected
Converter

According to the active and reactive control block diagram in
Fig. 1, the phase reference 6, and amplitude reference V. for
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Fig. 1. Structure of a PSC-controlled grid-connected converter.

the PCC voltage can be formulated by

1 (&
0r(s) = < (wo + D, <Pref - j:w Pout (s))> (1)
V;?T (3) = Vref + Dq (Qref - s ::)Cw Qout (S)) . (2)

To analyze the power dynamics better, both the voltage and
current are transformed into a synchronous rotor (dg) frame,
and the d-axis is aligned with the grid voltage vector V. In
this way, the above voltage vectors Vg and Ve in dg frame
can be expressed as Vgaq =V, and Vpaq = Vpece?o7ec, respec-
tively, where .. = 0pcc — wqyt denotes the power angle. The
relationship between current and voltage vectors in Fig. 1 can be
derived as

dlgdq

Ly dt

3)

= Vpdq — Vg — Rylgaq — j Xglgdq

where X, = wgL, is introduced by coordinate transformation
[29].

According to (3), the steady-state value of the current vector
Igaqe can be deduced as

Vpdqe — Vg
Ry +jX,

Igdqe - (4)
where Vpage is the steady-state value of Vpaq, i.€., Vpdge =
Vicce€’ dpece . Around the steady state, a linearization method is
performed. Accordingly, the small-signal models of them can
be obtained

‘Afpdq = €j5pcce (ﬁpcc + ijcceSpcc) )
digaq . : o
g ;tq = Vpdq — Ryigdq — 7 Xyigdq (©6)
where cup (") denotes small signal perturbation.
Applying the Laplace transformation to (6), yields
2 v dg \S
igdq (S) pdq ( ) (7)

T SLy+ Ry +jX,

The complex power injected into the grid can be calculated
by Vpaq and igaq as
®)

— 3k
S = 1.5Vpdqigaq-

Substituting the steady-state values Vpqqe and Igqqe into (8),
the steady-state power P, and Q. can be evaluated as

P - § (szcce B ‘/pcce‘/g COoS 617006) Rg + Xg‘/pcce‘/g sin 6PCC€
c 2 R2 4+ X2
)
Q o 3 (Vp2cce - Vpccev;] COs 5pcce) Xg - Rg Vpccev;] Sin 6pcce
-2 Rg + X; ’
(10)

Similarly, by linearizing S around the steady-state operating
point and applying the Laplace transformation, the small-signal
model of the complex power is given as

S(s)=15 (Vpdqeigdq (5) + Vpaq (5) I;dqe) .

Substituting (4), (5), and (7) into (11), the relationships be-
tween Ppyui(8) » Qout(s) and Vpee(s), dpee(s) in the s-domain
can be obtained, respectively, as

_ Pou(s)  1BVZ X,
Kl (S) o Spcct(s) - (SLy+2y)2+X3 B Qe
_ Qout(s) _ —1.5V7 . (sLy+Ry)
K (8) T Opee(s) (SL:+R9)2+X§ + P (12)
K (s) = Poui(s) _ 1.5Vpeee(sLg+Ry) | P
3 Vpee(s) (sLg+Ry)>+X2 ' Vpeee
1.5V pece X Q
Ki(s) = Qaut(s) — P g e
1(s) Vpee(s)  (sLy+Rg)°+X2 ' Vpcee

Therefore, the small-signal model of the PSC-controlled VSC
can be obtained, as shown in Fig. 2. According to (12), the
dynamics of the output power are related to the equivalent

impedance of the grid as well as the steady-state operating point
of the VSC.



6948

Ki(s)

Ki(s)

Ki(s)

> Ki(s)

Fig. 2. Small-signal model of the PSC-controlled VSC.

C. Mechanism of Synchronous-Frequency Resonance

Additionally, it can be found that the relationships in (12) all
contain a pair of conjugate poles s 2, which are given as

S1,2 = —Rg/Lg :tij. (13)

According to (13), the position of the conjugate poles is
determined by the ratio of R4/L,.

Moreover, the APCL and RPCL of the VSC are coupled with
each other due to K»(s) and K3(s), and thereby, it is challenging
to control APCL and RPCL independently.

To further analyze the effects of conjugate poles and the
coupling effect on the stability of the power control loops,
according to Fig. 2, the equivalent loop gains G,.(s) and G4.(s)
of the APCL and RPCL are derived as follows:

Gpe (s) = %
K3 (s) K3 (s) Dgwe/ (s + we)
. (Kl S + K4 (s) Dgwe /(s + we) > o
G (5) = 222
Ko (5) K3 (s) Dpwe/ (8% + wes)
X <K4 (s) — 14 K (s) Dpwe /(82 + wes) ) .

5)

It is obvious that the poles s1 2 in (13) are also a pair of con-
jugate poles for G,,.(s) and G4.(s), which introduce a resonance
peak and cause —180° phase jump around the synchronous
frequency. Thus, a small R, /L, will cause a very high resonant
peak and might trigger SFR. Meanwhile, the resonant peak will
limit the control bandwidth of power control loops, making it
hard to be increased above the synchronous frequency when R,
/L4 is small.

In order to filter out high-frequency power fluctuations, the
cut-off frequency w.. of the low pass filter is usually set relatively
high, whose impact on SFR can be neglected. Therefore, the
influence of D, and D, on SFR is analyzed in this article.
According to the Nyquist stability criterion, the closed-loop
system is stable when P = R, where P is the number of open-loop
poles in the right half-plane, and R denotes the number of
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Fig. 3. Bode diagrams and Nyquist plots of G, .(s) and G 4.(s) with different
D, and Dy. (a) Stable case: D, = 0.01 p.u., Dy = 0.01 p.u. (b) Unstable case
(i): Dp = 0.01 p.u., Dy = 0.04 p.u. (c) Unstable case (ii): D, = 0.02 p.u., D,
= 0.17 p.u. (d) Unstable case (iii): D, = 0.03 p.u., D4 = 0.1 p.u.

counterclockwise encircled point (—1, jO). According to control
theory, the loop gain of the nonminimum phase system has
poles or zeros in the right half-plane, which significantly impacts
system stability, especially the open-loop poles, as it affects the
number of P. To this end, the number of open-loop zeroes in the
right half-plane is not a concern. From the Bode diagram, com-
bined amplitude-frequency characteristics with phase-frequency
characteristics, the nonminimum phase element can be easily
distinguished.

Fig. 3 gives the Bode diagrams, Nyquist curves of G,.(s) and
G 4c(s) under different droop coefficients. When D, and D, are
both relatively small, i.e., D, = 0.01 p.u. and D, = 0.01 p.u.,
as shown in Fig. 3(a), here P = 0 and R = 0, thus, the system is
stable. It can be concluded that a pair of poles cause the resonant
peak around the synchronous frequency, while a couple of zeros
cause the other resonant peak around 200 Hz, and they are
both minimum phase elements. However, the droop coefficients
usually selected according to grid code [27] are much higher
than 0.01 p.u., which may trigger SFR oscillation.
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According to the range of the droop coefficients, the SFR
phenomena can be classified into three cases based on the causes
that trigger SFR.
1) Unstable case (i): The small equivalent resistance of the
inductive network is the main cause of SFR. As shown in
Fig. 3(b), D, = 0.01 p.u. and D, = 0.04 p.u. Compared
with Fig. 3(a), it can be known that nonminimum phase
elements exist in G.(s) and G4.(s), i.e., P = 0. However,
the Nyquist curves of G.(s) and G,.(s) both encircled
(—1, jO) point due to the small R, such that R = 2,
triggering an instability. From the Bode diagram, it can be
clearly seen that the resonant peak goes over 0 dB around
the synchronous frequency where the phase goes below
—180°, also indicating SFR occurs.

2) Unstable case (ii): The small equivalent resistance R,
and the nonminimum phase are both the causes of SFR.
As shown in Fig. 3(c), when D, = 0.02 p.u. and D, =
0.17 p.u., the reactive power loop gain G,.(s) encircled
(=1, jO) point due to the small R, which trigger SFR for
RPCL. Meanwhile, phase lead phenomena of the resonant
peak around the synchronous frequency for G,.(s) can
be found, indicating that nonminimum elements exist. P
= 2. R = 0 can also be obtained for G,.(s) from the
Nyquist curve. Thus, SFR occurs for RPCL due to the
nonminimum phase effect. It should be noted that non-
minimum elements exist in G4.(s) too, leading to phase
lag phenomena for zeros, which does not affect the number
of P. A similar case with specific parameters is that the
conjugate poles of G,,.(s) are near the imaginary axis while
the nonminimum phase effect exists in G4.(s) (P = 2, R
=0).

3) Unstable case (iii): The nonminimum phase effects are the

main cause for SFR. As shown in Fig. 3(d), when D, =
0.03 p.u. and D, = 1 p.u. It can be seen that R = 0 from
the Bode diagram and Nyquist curve, but the system is
unstable due to the nonminimum phase effects presented
in both G,.(s) and G y.(s),1.e., P = 2.

The oscillation frequencies of the SFR triggered by the
conjugate poles of G,.(s) and G4.(s) are marked with green
dashed lines in the Bode diagram of Fig. 3, which is around
the synchronous frequency. The oscillation frequency corre-
sponding to the nonminimum phase effect cannot be identified
directly through the Bode diagram or Nyquist curve, but can be
calculated by substituting the actual parameters into Gy.(s) and
G 4c(s), which is calculated between 49.5 and 58 Hz for Fig. 3(c)
and (d). In summary, the oscillation frequencies correspond to
the small equivalent resistance R, and the nonminimum phase
effect are both around the synchronous frequency, resulting in
the unstable phenomena presented as SFR.

More unstable cases and corresponding P and R under a wider
range of droop coefficients are summarized in Table I. From
them, it can be clearly found that the small equivalent resistance
of the inductive network is one main cause for SFR, as it leads
to a very high resonance peak and causes —180° phase jump
around synchronous frequency in open-loop gains, which has
been pointed out in [25]. Further investigations in this article
found that the existence of the nonminimum phase elements in

TABLE I
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STABILITY OF PSC-CONTROLLED GRID-CONNECTED CONVERTER UNDER
DIFFERENT Dy, AND Dy

Droop coefficients

Basis of stability evaluation

Stability
D, /p.u. D, /p.u. APCL RPCL

Stable (0,0.02) (0,0.03) [ P=0,R=0 P=0,R=0
Unstable case (i) | (0,0.02)  (0.03,0.07) | P=0,R=2 P=0,R=2
(0.02,0.5) (0,0.07) | P=0,R=2 P=2,R=0

Unstable case (ii) | (0,0.02) (0.07,0.9)
P=2,R=0 P=0,R=2

(0.02,0.03)  (0.1,0.9)

(0.02,0.03) (0.07,0.1)
Unstable case (iii) P=2,R=0 P=2,R=0

(0.03,0.5) (0.07,0.9)

Fig.4. Topology of the proposed auxiliary branches in the small-signal model.

Gpc(s) and G 4. (s) are another important root cause. Sometimes,
the SFR is even triggered by a combination of the two causes,
one is in the APCL and the other occurs in RPCL.

III. SUPPRESSION STRATEGY FOR SFR OF PSC-CONTROLLED
GRID-CONNECTED CONVERTERS

A. Conjugate Poles Elimination Control Method Is Proposed

To solve the above issues, a conjugate poles elimination con-
trol method is proposed to suppress the SFR, which is based on
the auxiliary branches G1(s), Ga(s), G3(s), and G4(s) introduced
into the power control loops in Fig. 2, as shown in Fig. 4. From it,
after applying the auxiliary branches, the relationships between
pout(s) , Qout(s) and Vpcc(s), gpcc(s) can be derived as

)= (R0 BB ]88 &)
A K(s) Gle)
o]
- [0 B [0]
K'(s)

where K(s) denotes the relationship matrix between ﬁout(s),
Qout(s) and Viee(s), Opec(s) in the small-signal model of the
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original system. G(s) is the transfer function matrix of the auxil-
iary branches, and K’(s) is regarded as the equivalent relationship
transfer function matrix after applying the auxiliary branches.

According to (16), a desirable G(s) is required to eliminate the
conjugate poles in each item of K(s). Moreover, G1(s) = G4(s) =
1 is considered, making the structure of the additional auxiliary
branches as simple as possible. Take the derivation process of
Gs(s) as an example, which is contained in K’1(s) and K’5(s).
Expanding and simplifying K’1(s) and K’5(s) further as (17)
and (18) shown at bottom of this page, according to which, to
eliminate the conjugate poles in K;’(s) and K2’ (s), Ga(s) may
not be unique. Note that (17) and (18) are shown at the bottom
of this page. In this article, we only focus on the two simplest
solutions that can be deduced directly as

sLy+ Ry s+ Ry/L,
Xg pcce wo .
Similarly, G3(s) can be deduced by expanding K’s(s) and
K’ 4(s) further, which can be derived as
1 sL,+R, 1 s+ Ry/L,
Vpcce X g B Vpcce wo .
In this way, substituting (19) and (20) into (16), the elements
of K’(s) can be obtained as follows:

G2 (S) - Vpcce (19)

Gy (s) = — (20)

K’y (s) = 1o -, 4 gl p,

K's (s) = P+ atfagq, on
K's(s) = v + (gﬁgtRy T

Ky (s) = 2ogees 4 ge — 2gtia i

Obviously, no conjugate poles can be found in K1’ (s), K2’ (s),
K3’(s), or K4’(s). Particularly, when the system operates in a
low power condition, such as P, and Q. are extremely small,
K5’(s) ~ 0 and K3’(s) = 0 can be derived from (21). Under
this condition, it can be considered that the APCL and RPCL
are decoupled completely from each other, thus, they can be
controlled independently.

According to the small-signal model in Fig. 4, the proposed
auxiliary branches can be implemented in the control method as
shown in Fig. 5.

B. Advantages of Conjugate Poles Elimination Control
Method

When the auxiliary branches are introduced, the loop gains
of APCL and RPCL can be rewritten by combining (21), (14),
and (15). Namely, replacing K1 (s) - K4(s) with K1 (s) - K4'(s)
in Gp.(s) and G,.(s), based on which, the Bode diagrams are
plotted in Fig. 6. To investigate the normal operation of VSC,
the D, and D, are the same as in the unstable case (ii), i.e., D,
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branches or VR employed in the original system with cut-off frequency f. =
2 Hz.

= 0.02 p.u. and D; = 0.17 p.u. From Fig. 6, it can be found
that the phase lag of —180° introduced by the conjugate poles
in G 4.(s) is eliminated by the proposed method. Meanwhile, the
nonminimum phase is also removed from Gy(s) thus the SFR
is suppressed. To conclude, the auxiliary branches introduced in
this article can not only eliminate the resonant poles in Gy,.(s)
and G ,.(s), but can also remove the nonminimum phase effect
in them. Therefore, both the two causes of SFR are completely
suppressed, and the stability of the system is greatly improved.

Usually, to dampen the SFR in PSC-controlled VSC, a con-
ventional method is to employ a VR R,,. Fig. 6 also gives the Bode
diagrams of G,.(s) and G4.(s) with R, = 0.03 p.u., where the VR
can effectively damp the resonance peak in G ,.(s). However, due
to the phase lag of —180° in G 4.(s) is not removed, the SFR may
probably be triggered when the system bandwidth increases.

In the original system, the bandwidth cannot be set too high
due to the limitation of the resonant peaks of Gy,.(s) and G 4.(s).
When the cut-off frequency f.. of Gy.(s) is 2 Hz, for instance,
the system is unstable, and it is required to reduce D,, further
to reduce the cut-off frequency, as shown in the stable case

1.5V, cce G (5) — Vyeee (sLy + Ry)/ X P,
K'{(8) = Ky (s)+ Gy (5) K3 (8) = —2<€ [ Gy (s5) — X2 d g g I | + Gy (s) —=— — e (17
1(5) = Ko () + Ga (5) K (5) ng+Rg< 2(5) = X, (sLg + Ry)* + X2 2()1/;,668 Qe (D)
G2 (8) = Vpeee (SLg + Ry) /X Q.
K'o(s) =Ko (s) 4+ Ga(s) K4 (5) = 1.5V, 0ee X, P J g I+ Gy(s) =+ P, 18
2 (s) 2 (s) + G2 (s) Ky (s) peceXg 5Ly + Ry + X2 2()%86e (18)
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in Fig. 3(a). Fortunately, with the proposed auxiliary branches,
which eliminate the resonance peaks of G,.(s) and G,.(s), the
phase lag of —180° in G.(s) and G4.(s) no longer exists.
Therefore, this method is able to broaden the bandwidth and
improve the response dynamics. Although employing an R, can
suppress the SFR when f. = 2 Hz, the oscillation will inevitably
occur as long as the bandwidth is increased to some extent. For
example, when f; is increased to 12 Hz (D, = 0.09 p.u. and
D, = 0.01 p.u.), as shown in Fig. 7, although R, = 0.03 p.u. is
employed, the resonance peak of G, (s) will still trigger the SFR.
Nevertheless, when f, = 12 Hz, the system with the proposed
auxiliary branches satisfies the Nyquist stability criterion and
will be kept stable.

Noting that, we do not know the grid resistance R, and
L, in advance in the practice. Thus, it is hard to design the
auxiliary branches using the accurate R, and L, parameters.
However, SFR can be triggered by a small ratio of R, /L, thus,
the worst-case can be considered to design the parameters for
pole-zero cancellation method. Fortunately, the ratio of R, /L,
is in a specific range for the specific grid lines [9]. Of course,
with the worst-case designing for Gy(s) and G3(s), which can-
not perfectly achieve pole-zero cancellation, it can still greatly
dampen the resonant peak for the worst-case and stabilize the
system. For other scenarios, the proposed method can provide a
higher damping ratio around the synchronous frequency, and it
can surely suppress SFR.

C. Simplification of the Proposed Strategy Under
Different Situations

It should be noted that the steady-state voltage V.. is
necessary for deriving the auxiliary branches G2(s) and Gs(s),
which usually fluctuate in a small range. To facilitate practical
applications, instead, the rated voltage amplitude V,..; can be
used. Thus, the auxiliary branches are simplified to

s+ R,/L
G (s) = Vw% (22)
1 s+ Ry/L
G5 (s) = — 9l 23
3() Vref wo 23)
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TABLE II
CHARACTERISTICS OF THE PROPOSED AUXILIARY BRANCHES UNDER
DIFFERENT SIMPLIFIED CONDITIONS

Simplified Auxiliary Branches Features
Conditions Ga(s) G3(s)
eEliminate the
No s+Ry/Lg | 1 stRy/Lg lconjugate poles.
Simplification| " @o Vpcee @0 |sBroaden the power
bandwidth.
*Decouple the power
Small Power control loops.
Condition | Vo aelle | L2l g Eliminat the
5~ 0 2l Vi . @0 conjugate poles.
*Broaden the power
lbandwidth.
eEliminate the
Inductive Vi s _ 1 s conjugate poles.
system Rg = 0 " @o Vier@o *Broaden the power
lbandwidth.

The corresponding K’(s) with the simplified auxiliary
branches can be deduced by substituting (22) and (23) into (16),
and the Bode diagrams of G,.(s) and G4.(s) can be obtained
according to (14) and (15), which is found to almost coincide
with the Bode diagrams when V.. is applied.

For a very high-voltage network, the R, is much smaller than
L,, which can be neglected. Thus, the corresponding auxiliary
branches G2’ (s) and G3’(s) are simplified to be

s
G’y (s) = VTefLTO (24)
1 s
G’ =— —. 25
3(s) Voo o0 (25)

To summarize, the expressions and characteristics of the
proposed auxiliary branches under various simplified conditions
above are compared in Table II. It should be pointed out that,
G5 (s) and G3(s) here contain differential terms, which are usu-
ally difficult to be realized in practice, as the high-frequency
noise can be amplified. Fortunately, LPFs are usually added to
filter out the high-frequency noise for the output power, i.e., P,
and Qo+, as shown in Fig. 5, which can eliminate the effect of
differential terms in Go(s) and Gs(s) for high-frequency noise.
Moreover, the integral term in APCL can completely cancel
out the differential term in Gs(s). Thus, the differential terms
in Go(s) and G3(s) in this article can be realized without extra
changes.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION
A. Simulation and Experimental Verification of SFR

To verify the theoretical mechanism analysis of SFR,
a PSC-controlled grid-connected converter is built in
Simulink/MATLAB. The main parameters of the studied system
are given in Table III.
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TABLE III
MAIN PARAMETERS OF THE PSC SYSTEM
Parameters Value Parameters Value
Short circuit ratio
Rated power Srer 1.6 MVA (SCR) 2.5
Rated active power Prs 1.0 p.u. |Rated frequency fo 50 Hz
Rated angular
Rated power Qrer 0 frequency @o 2mfo
Rated voltage (Phase Droop coefficient
Amplitude) Ve 563V of P D, 0.02 wo/Srer
Grid voltage Droop coefficient
(L-L RMS) 590V of O-V D, 0.17 Vieff Srer
Grid inductance Lg 0.4 p.u. | Virtual resistor R, 0.03 p.u.
. . Fil -off
Grid resistor Rz~ 0.009 p.u. titer cut-o 320z rad/s
frequency we
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Fig. 8. Simulation waveforms of v, igbes Pout, Qout With different droop
coefficients.

The stable and three unstable cases in Section II are verified
through simulation results, as shown in Fig. 8. The system starts
up with the stable case, i.e., D, = 0.01 p.u.and D, = 0.01 p.u. as
shown in Fig. 3(a), and the system keeps stable. During the three
intervals, such as t = 6-6.2 s, t = 10-10.2 s, and t = 14 s, the
paraments are switched to the unstable case (i) (i.e., D, = 0.01
p.u., D, = 0.04 p.u.), unstable case (ii) (i.e., D, = 0.02 p.u., D,
= 0.17 p.u.), and unstable case (iii) (i.e., D, = 0.03 p.u., D, =
0.1 p.u.), respectively. Of course, the system becomes unstable
during these intervals. The parameters are changed back to the
stable case at r = 6.2 s and t = 10.2 s, and accordingly, the
oscillation can be removed and the system gradually becomes
stable. From Fig. 8, it is obvious that SFR is triggered at = 6,
10, and 14 s. The oscillation waveforms of the three intervals
were analyzed by fast Fourier (FFT) analysis and the results
are shown in Fig. 9, where the main oscillation frequencies are
approximately equal to synchronous frequency, which agrees
well with the theoretical analysis in Fig. 3.

Furthermore, a control hardware-in-the-loop experimental
setup as shown in Fig. 10, which is based on a DSP+FPGA
control board and RT-LAB real-time digital simulation platform,
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Fig. 1. Experimental waveforms of v, i4, Pout, Qout With different droop
coefficients.

is built and implemented in the laboratory. To validate some
of the unstable cases in Section II, the system starts up with
parameters of the stable case, thus the system is stable at the
beginning. Then, the control parameters are changed to the
unstable case (ii), and quickly switch to the stable case. When
the system gradually returns to become stable, the parameters
are changed again to the unstable case (iii). The corresponding
experimental waveforms are shown in Fig. 11. It can clearly
be seen that the oscillation occurs when the system switches
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to unstable case (ii) and unstable case (iii), which is consistent
with the corresponding theoretical analysis and simulation re-
sults, which verify that both the small equivalent resistance R,

and the nonminimum phase effect may trigger the SFR in the
PSC-controlled grid-connected converter.

B. Experimental Validation of the Proposed Method

To further verify the effectiveness of the proposed conjugate
poles elimination control method, experiments are also carried
out in control hardware-in-the-loop experimental platform.

When the system is stable, the droop coefficients are changed
to the usually designed one according to the grid code, i.e.,
the unstable case (ii). Obviously, the system becomes unstable.
Quickly, the VR R, = 0.03 p.u. or the proposed auxiliary
branches are added into the control loop, the experimental results
are shown in Fig. 12. From them, it can be seen that it takes about
0.8 s to achieve a steady state after applying the VR, while
the SFR is eliminated within 0.6 s with a smaller overshoot
after applying the auxiliary branches. Obviously, the proposed
conjugate poles elimination control method is more efficient
than the conventional VR strategy.

In order to further validate the performance of the two methods
under higher bandwidths, the parameters are adjusted to increase
the open-loop cut-off frequency to 12 Hz. A VR R, = 0.03 p.u.
or the proposed auxiliary branches are separately applied after
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the system becomes unstable, as shown in Fig. 13. From them,
it can be seen that the system is unstable even when using the
VR method, which also corresponds to the theoretical analysis
in Fig. 7. In contrast, the SFR in Fig. 12(b) will be effectively
dampened after employing the auxiliary branches as proposed
in this article.

The above experimental results prove that the proposed con-
jugate poles elimination control method has better adaptability
than the traditional VR method, and it can effectively improve
the response dynamics of the system by broadening the control
bandwidth.

V. CONCLUSION

Based on the small-signal model of PSC-controlled converter
by considering the dynamics of the equivalent inductance of
the grid, the mechanism of SFR for PSC-controlled converter is
investigated thoroughly in this article. It is revealed that not only
the small equivalent resistance of the inductive network but also
the existence of the nonminimum phase effect of the loop gain
is the main cause of SFR. Particularly, the effects of different
droop coefficients on the system stability are studied, and it is
demonstrated that the nonminimum phase effect may lead to
SFR independently. In addition, a conjugate poles elimination
control method based on auxiliary branches introduced into the
power control loops is proposed to suppress SFR. This method
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can not only eliminate the conjugate poles in open-loop gain but
also remove the nonminimum phase elements. Meanwhile, the
control bandwidth is broadened, which effectively improves the
response dynamics of the system and it has better adaptability
compared with the traditional VR method. Finally, simulation
and hardware-in-loop experimental results are implemented to
validate the theoretical analysis and the effectiveness of the
proposed method.
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