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Abstract—For grid-connected converters operating under
nonunity power factor, their dqg admittances become off-diagonal
due to emerging of the coupling admittances. Consequently, the
grid-connected converter systems become multi-input multioutput
(MIMO) systems whose stability analysis becomes challenging.
To avoid the multivariable nature for system stability analysis,
by considering the impact of power flow direction and converter
admittance characteristics, this article formulates a sequential
single-input single-output (SISO) stability analysis model for grid-
connected converter systems. Compared with the existing SISO
models, the proposed one offers salient features as follows. 1) Differ-
ent power flow directions correspond to different stability analysis
sequences and system minor-loop gains. 2) It possesses a more
clear physical meaning and explicitly identifies the contributions
of different parts, including the d-axis subsystem, the coupling of
the d-axis subsystem with the g-axis subsystem, and the g-axis
subsystem to the system stability. 3) The proposed system minor-
loop gain never contains any RHP pole and therefore, the system
stability analysis and oscillation mechanism illustration are greatly
simplified. Furthermore, the classical control theory can be intro-
duced to guide the system analysis and design. Simulation results
are presented to validate the accuracy of the proposed sequential
SISO model.

Index Terms—dq admittance model, grid-connected converter
system, harmonic stability, single-input single-output (SISO).
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I. INTRODUCTION

N RECENT years, the massive integration of grid-connected
I converters and energy storage devices [1], [2], [3] has cre-
ated significant concerns over system harmonic stability anal-
ysis [4], [5]. As such two methods including the impedance-
based method [6], [7], [8] and the state—space method [9], [10],
[11] have been commonly used for harmonic stability analysis.
Compared with the state—space method, the former one does
not involve high-order differential equations [12] and possesses
a clear physical meaning [13]. What is more, as only the ex-
ternally measured impedances (or admittances) are utilized in
the system stability assessment, the impedance-based analysis
method offers advantages in protecting intellectual property [14]
and is widely used in the existing studies.

Corresponding to the impedance-based analysis method,
three different admittance models, including the dg admittance
model [15], [16], the sequence admittance model [17], [18],
[19], and the symmetric admittance model [20] are formulated
in the dg synchronous reference frame, the phasor domain,
and the polar frame, respectively. Regarding the dq admittance
model, when converters operate under unity power factor, their
dq admittance model degrades into a diagonal matrix since the
coupling admittances are negligible [ 16]. Given that the coupling
impedances of the ac grid are pretty small, the system stability
can be analyzed approximately through two single-input single-
output (SISO) models. Such a practice simultaneously facilitates
the system integration and design and greatly simplifies the sys-
tem stability analysis. However, when the steady-state operation
points of converters deviate from the unity power factor, the cou-
pling admittances become nonnegligible anymore [15]. Under
this condition, the system stability cannot be judged intuitively
from impedance interactions like what has been done in the dc
systems, as it depends, instead, on the eigenvalues of high order
matrices, which makes the mechanism of system instability chal-
lenging and less clear to grasp. The sequence admittance model
has similar characteristics [21]. As has been pointed out by [22],
[23], the coupling admittances of the positive sequence with the
negative sequence cannot be neglected though their magnitudes
are very small. Neglecting the small coupling term will resultin a
false estimation of the system stability. In conclusion, due to the
existence of coupling admittances, grid-tied converter systems
are essentially multi-input multioutput (MIMO) systems and
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the general Nyquist criterion (GNC) becomes inevitable [24],
[25]. Although the result is accurate, the adoption of the GNC
complicates the stability analysis and oscillation mechanism
illustration. Therefore, the system stability analysis based on
a SISO model charges this.

To avoid the multivariable nature and address the complexity
of stability analysis for MIMO systems, various SISO models
have been developed for single-phase and three-phase grid-
connected converters, microgrids, and large-scale power sys-
tems [20], [26], [27], [28], [29], [30], [31], [32], [33], [34],
[35], [36], [371, [38], [39], [40], [41], [42]. The commonly used
approach is based on pure matrix operations, which decouples
the original MIMO system into two SISO sequence impedance-
based models [26], [27], [28]. Although this technique success-
fully avoids the need for the GNC, it may introduce right-half
plane (RHP) poles into the system’s minor-loop gain [29]. In
such cases, the proposed SISO model may face challenges
when it comes to illustrating the oscillation mechanism and
conducting system analysis and design. In an effort to eliminate
possible RHP poles, researchers have constructed a single SISO
model based on a symmetric admittance model [20]. However,
this approach heavily relies on the symmetrical characteristics
of converter admittances, making it vulnerable to changes in
control strategies or power factors. Apart from the pure ma-
trix operation, another method known as the transfer function
method has been introduced to derive SISO models for single-
phase grid-connected converters [30], [31], three-phase grid-
connected converters [32], [33], [34], [35], microgrids [36], and
VSC-HVDC systems [37]. However, this method has limitations
as it requires detailed information about the converter’s internal
physical structure and parameters, and it fails to consider the
impact of time delays introduced by digital control. In addition to
these methods, several alternative approaches have been formu-
lated, including the Gershgorin theorem-based SISO model [38],
the eigenvalue decomposition-based SISO model [39], the re-
cursive SISO model [40], the decoupling control-based SISO
model [41], and the decoupled voltage amplitude/phase dynamic
SISO model [42]. However, none of these methods successfully
achieve the following objectives simultaneously.

1) Avoiding the need for information regarding the system’s
internal physical structure and parameters, thereby effec-
tively safeguarding intellectual property.

2) Streamlining system stability analysis and distinguishing
between various sources of instability.

3) Offering clear physical interpretations that elucidate the
underlying oscillation mechanism.

To address the abovementioned issues, by considering the
impact of power flow direction and converter admittance char-
acteristics, this article formulates a sequential SISO system
stability assessment model based on the dg admittance model.
By comparing with the existing SISO models, the proposed
sequential SISO model possesses a more clear physical meaning
and offers advantages in identifying the contribution of different
parts, including the d-axis subsystem, the coupling of the d-axis
subsystem with the g-axis subsystem, and the g-axis subsys-
tem. Furthermore, by guaranteeing that the proposed system
minor-loop gain never includes any RHP pole, the Nyquist plot
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Fig. 1. Main circuit of a grid-connected converter controlled in P mode.

of stable grid-connected converter systems will never encircle
(—1, j0) point, which facilitates the system analysis and design
via the classical control theory. Table I provides the comparison
results of the abovementioned SISO models.

The rest of this article is organized as follows. Corresponding
to different power flow directions and power factors. Section II
investigates the characteristics of the converter dg admittances.
Section III formulates the sequential SISO system stability
assessment model by considering the impact of power flow di-
rections. Section IV verifies the accuracy of the proposed model
with simulations in the MATLAB/Simulink. Finally, Section V
concludes this article.

II. ANALYSIS OF Dq ADMITTANCE CHARACTERISTICS WITH
DIFFERENT POWER FLOW DIRECTIONS

Converter admittance characteristics lay the foundation for
the formulation of the sequential SISO system stability analysis
model. By considering the impact of power flow direction, this
section first analyzes the converter dq admittance characteristics
corresponding to the P() control mode. The other conditions,
i.e., the grid-connected converter operating under other control
modes are discussed in Section III-C. Fig. 1 demonstrates the
main circuit of a grid-connected converter controlled in PQ)
mode. As illustrated by Fig. 1, vgp. represents the three-phase
voltages of the common coupling point (PCC). 745, denotes the
currents and its reference direction is indicted by the arrows. By
transforming v,p. and i4p. into the dg synchronous reference
frame, their d-axis (g-axis) components are labeled as vq(v,),
and iq(i4), respectively. Then, the power injected by the con-
verter is calculated as

P =1.5(vgiq + quq) (1)
Q = 1.5(—vgiq + vqiq) 2)

By considering the steady-state value of v, as 0, setting the
small-signal perturbations of P and () as 0, and linearizing the



3704

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 3, MARCH 2024

TABLE I
COMPARISON OF DIFFERENT SISO MODELS

The transfer
function-

The sequence
admittance-

The symmetric
admittance-

The Gershgorin

The eigenvalue

. The control-
decomposition-

The recursive- The sequential-

based model based model based model -based model based model based model based model  based model
Sensitivity to the control No Yes No No No No Yes No
structure
Applicable on one-phase
or three-phase converter Three-phase Three-phase Three-phase  Three-phase Three-phase One-phase Three-phase ~ Three-phase
C!ear Phy§10a1 111ueraF10n Yes Yes No No No No No Yes
of oscillation mechanism
_Clasm_ﬁ_catlon of different No Yes No No No No No Yes
instability root causes
Applicable on pure black- No Yes No Yes Yes Yes No Yes
box models
References [26]-[28] [29]-[30] [31]-[38] [39] [401 [41] [42]-[43] This paper

TABLE II

right-hand sides of (1) and (2), the small-signal representations
of (1) and (2) are expressed by

ol 31|Va 0 ||ia| 3| 1a 14| |Va

ol =[5 ] ]2l 2] o
where V and 1;(I,) denote the steady-state values of v4 and
i4(iy) while 94(9,) and 74(i,) stand for the small-signal repre-
sentations of v4(v,) and i4(7,), respectively. Based on (3), the
converter admittance, i.e., Y o5, within the low-frequency range
is obtained as

'YaC

con

_ [_Id/vd @)

—1,/Va —-q/Vb}'

I3/Vy

Accordingly, the d- and g-axis converter admittances, i.e., Y7,
and Y, within the low-frequency range are expressed by

—14/Vy
= Id/Vd.

c
Ydd

c
Yag

&)
(6)

As observed from (5) and (6), the polarity of the d-axis current
14, i.e., the flow direction of the active power dominates the
characteristics of the d- and g-axis converter admittances within
the low-frequency range. To be more specific, when the active
power transfers to the ac grid, the d-axis current /; is negative.
On this basis, the d-axis admittance within the low-frequency
range shows a positive conductance while the g-axis admittance
within the low-frequency range demonstrates a negative conduc-
tance. In contrast, when the active power is delivered to the con-
verter, the d-axis current I; becomes positive. Then, the d-axis
admittance within the low-frequency range shows a negative
conductance behavior while the ¢-axis admittance within the
low-frequency range demonstrates a positive conductance.

To validate the aforementioned admittance characteristics, the
detailed dq admittance model developed in [15] is introduced.
Since the characteristics of the coupling admittances, including
Y, and Y, donotimpact the following SISO modeling process,
this section mainly analyzes the characteristics of Y7, and Y.
Utilizing the system parameters given in Table II, Fig. 2 presents
Bode diagrams of the converter dq admittances with different
power factors. Withrespect to Fig. 1, when the converter operates
under PF = —0.8, i.e., when the active power is transferred to
the ac grid, the phase angle of Y, always stays between —90°
and 90°. In other words, Y, has always a positive conductance.

PARAMETERS OF THE GRID-CONNECTED CONVERTER SYSTEM

Symbol Description Value
Sh Base value of power (kVA) 500
Up Base value of voltage (V) 690
Ly Inductance of the converter filter (p.u.) 0.05
Ry Resistance of the converter filter (p.u.) 0.05
Ls Equivalent inductance of the ac grid (p.u.) 0.35
kpi Proportional gain of the current loop 0.25
ki; Integral gain of the current loop 20
kppq Proportional gain of the power control loop  0.0022
kipq Integral gain of the power control loop 0.022
0
g -10 \
g 20
8-
2 90
2 o— 3 Y
P ~dd d
£ -90 ' !
0 e
% _1 0 W’\“"B
= 20log10(|1, /7)) =~0.48d]
% -20 \ 20log10( 7, /¥, |)=~1.51dB
= -30
> 180 —
9] \
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Fig. 2. Bode diagrams of the converter dg admittances with different power

factors (PF = —0.8, —0.9, and —1).

In contrast, the phase angle of Y, remains about —180° during
the low-frequency range and the magnitude is nearly equal to
20log,,(|14/Va|) = —1.51dB, according to the value calculated
by (6). With the increase of frequency, the phase angle of Y,
decreases and finally drops below 90° at about 400 Hz, which
signifies that the conductance part of Y evolves from negative
to positive. When the power factor changes from —0.8 to —0.9
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Fig. 3.  Bode diagrams of the converter dg admittances with different power
factors (PF = 0.8, 0.9, and 1).

TABLE III
PARAMETERS OF THE GRID-CONNECTED CONVERTER SYSTEM

Symbol Description Value
Sy Base value of power (kVA) 500
Uy Base value of voltage (V) 690
Ly Inductance of the converter filter (p.u.) 0.05
Ry Resistance of the converter filter (p.u.) 0.05
Ls Equivalent inductance of the ac grid (p.u.) 0.35
kpi Proportional gain of the current loop 0.25
ki; Integral gain of the current loop 20
kppq Proportional gain of the power control loop  0.005
kipq Integral gain of the power control loop 0.05

and —1, the dq admittance curves evolve from the blue one to
the red and yellow ones, respectively. As illustrated by Fig. 2,
the variation of power factor only impacts the numerical values
of Yj,; and Y, while the conductance characteristic remains
unchanged. To be more specific, when the active power transfers
to the ac grid, the g-axis admittance, i.e., chq instead of the
d-axis admittance, i.e., Y, within the low-frequency range
demonstrates a negative conductance behavior.

Once the power flow direction reverses, the Bode diagrams of
the converter dgq admittances evolve from Figs. 2 to 3. Table III
lists the corresponding main parameters. As illustrated in Fig. 3,
when the active power is delivered to the converter, the phase
angle of Y is always within the range from —90° and 0°.
Namely, the g-axis admittance, i.e., chq has always a positive
conductance. By comparison, the d-axis admittance, i.e., Y,
demonstrates a negative conductance behavior. Specifically,
within the low-frequency range, the phase angle of Yy, remains
—180°. The magnitudes of Yj; corresponding to different power
factors, including PF = 0.8, 0.9, and 1 are equal to —1.51, —0.48,
and 0.43 dB, agreeing with the values calculated by (5). On
this basis, when the active power is delivered to the converter,
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the d-axis admittance, i.e., Y,j; instead of the g-axis admittance,
i.e., Y, within the low-frequency range demonstrates a negative
conductance behavior regardless of the power factor.

III. FORMULATION OF THE SEQUENTIAL SISO SYSTEM
STABILITY ANALYSIS MODEL

To analyze the system stability, the circuit of Fig. 1 is initially
divided into two subsystems from the PCC. The first and second
subsystems refer to the ac grid and the converter, respectively.
The ac grid dq admittance is denoted by

Ys, YE }
net = |ys v 0
ot [ qd qu

where Y, and Y, represent the d- and g-axis ac grid admit-
tances while Y and Y, denote the corresponding coupling
admittances of the d-axis with the g-axis. In addition, without
loss of generality, the converter dg admittance corresponding to
unity or nonunity power factor is uniformly expressed by

Y¢ Y¢
Yoo, = [ df ﬂ 8)
qu qu

where Y j; and Y, represent the d- and g-axis converter admit-
tances while Y, and Y, denote the corresponding coupling
admittances of the d-axis with the ¢-axis. Assumed that the
converter can operate stably and independently, none of the
converter admittance elements mentioned in (8) has any RHP
pole. Based on the circuit theorem, the characteristic equation
is derived as

|Y(ZC

con

+ Yyeel =0 ©

where | - | represents the determinant of a matrix. To analyze the
system stability, the key step hinges on identifying whether any
poles of the closed-loop system lies on the RHP, i.e., whether the
characteristic equation defined by (9) contains any RHP zero.
Note that 1) the active power flow direction plays a vital role
in the model formulation, and 2) right sequence could greatly
simplify the system stability analysis and oscillation mechanism
illustration. To clearly illustrate the details, the sequential SISO
models corresponding to different power flow directions are
studied separately.

A. Sequential SISO System Stability Analysis Model With the
Active Power Transferred to the Ac Grid

While the active power is transferred to the ac grid, the g-axis
instead of the d-axis converter admittance, i.e., chq instead of
Y, has a negative conductance [15]. Under this condition, the
d-axis subsystem stability should be assessed first and after-
wards, the q-axis subsystem stability is analyzed. To achieve
this goal, the system characteristic equation expressed by (9) is
calculated as (10) shown at the bottom of the next page by the
properties of determinants. Correspondingly, the grid-connected
converter system stability herein fully depends on whether
L+ Y ¥ogtor 1+ [Ygo = (Vo + Ya) (Vi + Vi) 7 (Vi +
qu)}Ys ! contains any RHP zero.
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To assess the d-axis subsystem stability, it is equivalent to
investigate the number of zeros contained by 1+ Y,V '
By regarding 1 + YdCded’l = 0 as a characteristic equation,
the corresponding system minor-loop gain is chded’l. Notice
that 1) neither Y;; nor de_l demonstrates any negative con-
ductance and resistor behavior, and 2) neither Y, nor de’l
has any RHP pole. The Nyquist plot of YY" L will never
encircle the point (—1,50) and 1+ Y,5,Y5; * does not include
any RHP zero, which means that the d-axis subsystem stays
stable forever. On this basis, the system stability becomes
solely hinged on 1+ [Yy; — (Y5 + Yo ) (Y, + Vi) 1 (Y, +
chq)]Yéq‘l, i.e., the g-axis subsystem stability.

By considering 1+ (Y5, — (Y5, + Y5 (Yo, + Vi) " (Y, +
chq)]Yqu’l = 0 as a characteristic equation, the system minor-
loop gain is written as

L(s) = [V, — (Vg + Y (Y + Yi) (Vi + Y;q>]Y;q(-111.)

Since 1+ YdCdY;;i_l does not include any RHP zero, (Y}, +
Y£,)~! never includes any RHP pole. Besides, as the other terms
of L(s), including Y, (Y, +Y5)), (Y, +Yj,), and Yo
do not contain RHP pole(s) as well, L(s) never include any
RHP pole. Therefore, the system stability will be determined by
whether the Nyquist plot of L(s) encircles (—1, j0) point and
the classical control theory can be introduced to guide system
analysis and design. Moreover, the physical meaning of L(s) is
clear. Notice that Y, (Y5 + Y.5) (Y, + Vi) ' (Y, + V),
and Y, represent the g-axis converter admittance, the coupling
of the d-axis subsystem with the g-axis subsystem, and the
g-axis ac grid admittance, respectively. By regarding Y, —
(Yo + Y o) (Yo + Yi) N (Y, + Yy, as the g-axis converter
equivalent admittance, L(s) represents the stability correlated
with the g-axis subsystem and the coupling of the d-axis sub-
system with the g-axis subsystem. The corresponding system
stability mechanism can be interpreted as the interaction of
the g-axis converter equivalent admittance with the g-axis ac
grid admittance. Furthermore, by comparing the relative size of
Vi and — (Y5 4+ Y ) (Vi + Vi) ' (Y, + Y, the system
instability root causes can be further identified as the g-axis
converter admittance or the coupling of the d-axis subsystem
with the g-axis subsystem

B. Sequential SISO System Stability Analysis Model With the
Active Power Transferred to the Converter

When the active power is transferred to the converter, the
d-axis converter admittance, i.e., Y7, instead of the g-axis con-
verter admittance, i.e., chq, demonstrates a negative conductance
behavior [15]. Under this new circumstance, the system stability

should be analyzed in accordance with the q-axis subsystem
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and the d-axis subsystem sequence order. To this end, the
characteristic equation expressed by (9) is recalculated as (12)
shown at the bottom of this page. According to (12), the system
stability relies on whether 1+ Y Y"~! or 1+ [V, — (Y5, +
Vi) Yoy + Vi) (Yo + Y)Yy ! contains any RHP zero.
To investigate the g-axis subsystem stability, 1 + YquYqu*1 =
0is considered as a characteristic equation and the corresponding
system minor-loop gainis Y, Y% ~!. Since both Y, and Y5 do
not have any RHP pole and do not contain any negative conduc-
tance and resistance, the Nyquist plot of Y, Y:fq’l never encircle
(—1,50) pointand 1 + Y,¢ Y5~ does notinclude any RHP zero.

On this basis, the g-axis s:ﬁl)s;gtem remains stable forever and the
system stability becomes solely subject to 1+ [V, — (Y, +
Vi) (Yo + V) (Y + Y)Y ie., the d-axis subsystem
stability.

By regarding 1+ [V, — (Y, + Yi) (Y, + chq)’l(Y;d +
)/;]Cd)]ydii_l = O as anew characteristic equation, the new system
minor-loop gain governing the system stability is defined as

L,(S) = [chd - (Ydsq + chq)(}/qi] + chq)il()/;]sd + }/ch)]Y(iSE;l;)
Similar to the discussion for L(s), when the active power
flow direction reverses, L'(s) never has any RHP pole either.
Consequently, the system stability is determined by the relative
locations of the Nyquist plot of L'(s) and the critical point
(=1, 40). In addition, the physical meaning of L’(s) is also ap-
parent. Notice that Y7, (Y5, + Y5 ) (Y5 + Y )7 (Yo + Vi),
and Y}, represent the d-axis converter admittance, the coupling
of the d-axis subsystem with the g¢-axis subsystem, and the
d-axis ac grid admittance, respectively. By regarding Y7, —
(Y, +Yi) (Y, + chq)’l(Yqu +Y,) as the d-axis converter
equivalent admittance, L' (s) represents the stability of the d-axis
subsystem (and the stability correlated with the coupling of
the d-axis subsystem with the g-axis subsystem). The system
stability mechanism can be explained as the interaction of the
d-axis converter equivalent admittance and the d-axis ac grid
admittance. In addition, by evaluating the different contribu-
tions of Y and (Y, + Yz ) (Y, + Yqﬁl)’l(Yzfd +Y,5) to the
d-axis converter equivalent admittance, the system instability
root causes can be further classified into the d-axis converter
admittance or the coupling between of the d-axis subsystem
with the g-axis subsystem.

C. Sequential SISO System Stability Analysis Model With
Converters Controlled in Other Modes

According to Sections III-A and B, the formation of the
sequential SISO models strongly correlates with the converter
dgq admittance characteristics. To verify its universality, the
admittance characteristics of the converters controlled in the

(1 + chdngl)(]' + D/ch - (qud + Y*ch)(Ydsd + chd)il(YdSq + chq)]yqsqil) =0 (10)
(1 + Y:;qust;l)(]' + [chd - (Ydsq + chq)(yqsq + chq)il( qsd + ch)}Ydeil) =0. (12)
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Fig. 4. Flowchart of the proposed sequential SISO model.

current control mode, the dc voltage mode, the droop control
mode, and the virtual synchronous control mode are investigated
based on the detailed dq admittance models in [15], [16], [43],
[44]. The results reveal that the admittance characteristic of the
converter controlled in the current or dc voltage mode is similar
to or even simpler than the one presented in Section II. For
example, when a converter is controlled in the current mode, its
g-axis admittance, i.e., Y, demonstrates a negative conductance
behavior when the active power transfers from the converter into
the ac grid. Its d-axis admittance, i.e., Yy4 only has a positive
conductance regardless of the power flow direction. Notice that
the d- and g-axis converter admittances will not simultaneously
demonstrate a negative conductance behavior. For any certain
active power flow direction, only the ¢- or d-axis converter
admittance contains negative conductance. Correspondingly, the
d- or g-axis subsystem can be eliminated and the sequential
SISO model for the grid-connected converters controlled in
other modes can be formulated with similar processes shown
in Sections III-A and B. For the sake of clarification, Fig. 4
provides the flowchart of the proposed sequential SISO model.
It is worth to note that the proposed SISO model is temporarily
applicable for the grid-connected converters and the paralleled
converter systems rather than the system-level large scale power
electronics-dominated power systems. The SISO model applica-
ble for the system-level large scale power electronics-dominated
power systems still needs further investigation in the future.
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IV. SIMULATION

A. System Stability Analysis With the Active Power
Transferred to the AC Grid

Utilizing the parameters in Table I, the system in Fig. 1 is sim-
ulated. By setting the power factor as —0.8, the Nyquist plot of
L(s) is plotted with blue color in Fig. 5(a) while the unit circle is
marked by red color. As illustrated by Fig. 5(a), the Nyquist plot
intersects with the unit circle at 270 Hz and encircles (—1, j0)
point twice. Based on the Nyquist criterion, the system should
contain two RHP poles and stay oscillatory. To identify the sys-
tem instability root causes, Fig. 5(b) presents the Bode diagrams
of Ve, =Ygy + Vi) (YViy + i)~ (Y, + Vi), and Y5 —
(Yo + Y)Yy + Yi) (Y, + Yi,), respectively. With re-
spect to Fig. 5(b), the magnitude of Y, is about 20 dB larger than
thatof — (Y2, + Y,5) (Y5, + Vi)~ (Y5, + Yy, ) around 270 Hz.
In other words, the real value of chq is about ten times larger than
that of —(Y,5, + Y.5) (Y5, + Yi) "1 (Y, 4+ Y, ). Therefore, the
system instability is triggered by the ¢-axis converter admittance
rather than the coupling of the d-axis subsystem with the g-axis
subsystem. To stabilize the grid-connected converter system,
the parameters of the g-axis power control loop, i.e., k,,, and
kipq are decreased to 0.002 and 0.02 at t = 5 s. Accordingly,
the Nyquist plot develops to the orange one. As illustrated by
Fig. 5(a), the new Nyquist plot never encircles (—1, j0) point
anymore. Consequently, the system is successfully stabilized
and the oscillations are effectively mitigated by the parameter
tuning at t = 5 s, which closely agrees with the time-domain
waveform presented by Fig. 5(c). Apart from the converter
operating under PF = —0.8, Figs. 6(a) and 7(a) study the
system stability of grid-connected converters operating under
PF = —0.9 and PF = —1, respectively. The unit circle is marked
by red color while the Nyquist plots of L(s) before and after
the parameter tuning are plotted with blue and orange colors,
respectively. With respect to Figs. 6(a) and 7(a), the Nyquist
plots marked by blue color encircle (—1, j0) point twice clock-
wise and consequently, the grid-connected converter systems are
unstable. Furthermore, note that 1) the Nyquist plots of L(s) in
Figs. 6(a) and 7(a) interact with the unit circle at 250 and 240 Hz,
and 2) the real values of Y, in Figs. 6(b) and 7(b) are much larger
than that of —(Y,; + Y5) (Y, + Ye) ! (Y, +Y4,) around
250 and 240 Hz. The system stabilities for the converter operat-
ingunder PF = —0.9 and PF = —1 are still governed by the ¢g-axis
converter admittance. Resetting kp,,, and k;,q to 0.0016(0.001)
and 0.016(0.01), the Nyquist plots of L(s) are represented with
orange color in Figs. 6(a) and 7(a). With respect to Figs. 6(a) and
7(a), (—1, j0) point is never encircled by the new Nyquist plots
anymore, which means that the system is effectively stabilized.
The analysis results accord to the time-domain simulations
illustrated by Figs. 6(c) and 7(c). To be more specific, subsequent
to the parameters tuning at ¢t = 5 s, the oscillations attenuate
rapidly and all the variables get back to their normal values.

B. System Stability Analysis With the Active Power
Transferred to the Converter

When active power flows from the ac grid into the con-
verter, L'(s) rather than L(s) goes into effect. To validate the
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of the PLL output frequency in the time domain.

sequential SISO model formulated in Section III-B, a system
with the parameters listed in Table III is introduced. When
the converter operates under PF = 0.8, the Nyquist plot of
L’(s) is demonstrated in Fig. 8(a) with blue color. The arrows
in Fig. 8(a) indicate the frequency increasing from 0.1 Hz to
10 kHz. As presented by Fig. 8(a), the Nyquist plot never

encircles (—1, j0) point and therefore, the system stays stable.
By increasing k4 and k;p,q from 0.005 and 0.05 to 0.0052 and
0.052, the Nyquist plot develops to the orange one. As presented
by Fig. 8(a), the new Nyquist plot surrounds (—1, j0) point once
clockwise and interact with the unit circle at 6000 Hz. Based
on the Nyquist criterion, the grid-connected converter system
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of the active power in the time domain.

now contains one RHP pole and becomes unstable, agreeing
with the time-domain waveform of the active power shown
in Fig. 8(c). With respect to Fig. 8(c), when the bandwidth
of the power control loop is increased at ¢ = 5s, the active
power deviates from its reference value and the system gets
out of control rapidly. Furthermore, since the magnitude of
—(Y35, + Y ) (Y, + Y ) (Y 4+ Y) shown in Fig. 8(b) is

larger than that of Y, around 6000 Hz, the system instability
is triggered by the coupling of the d-axis subsystem with the
g-axis subsystem instead of the d-axis converter admittance.
The analysis result of the converter operating under PF = 0.9
is presented in Fig. 9. Since it has a similar condition with
the converter operating under PF = 0.8, to avoid repetition, the
detailed discussion is neglected here.



3710

Fig. 10 demonstrates the analysis result of the converter
operating under PF = 1. As illustrated by Fig. 10(a), before
the parameter change, the Nyquist plot of I’ (s) marked by blue
color does not surround (—1,50) point and the system keeps
stable. On the contrary, subsequent to the bandwidth increase
of the power control loop, the Nyquist plot of L'(s) marked by
orange color surrounds (—1, j0) point once clockwise. There-
fore, the system contains one RHP pole and gets out of control.
Fig. 10(c) presents the time-domain simulation of the active
power. As shown in Fig. 10(c), the system becomes unstable
with the change of &y, and k;;q, which means L'(s) accurately
predict the system stability condition. Notice that the Nyquist
plot marked by orange color interacts with the unit circle at
6000 Hz. To investigate the system instability root cause, the
different Bode diagrams in Fig. 10(b) are compared around
6000 Hz. Since the magnitude of Y, is much larger than that of
—(Y, + Y ) (Yo + Yo ) NV +YS), for the converter op-
erating under PF = 1, the d-axis converter admittance instead of
the coupling of the d-axis subsystem with the g-axis subsystem
accounts for the system instability.

V. CONCLUSION

This article formulates a sequential SISO stability analysis
model for grid-connected converter systems. Compared with
the existing SISO models, the one established in this article
features a more clear physical meaning and explicitly identifies
the impact of different parts on system stability. Furthermore,
the proposed sequential SISO stability analysis model never
includes any RHP pole. As a bonus, the system stability can
be judged intuitively from impedance interactions just like the
dc systems. The classical control theory can also be easily
introduced to guide the system analysis and design.
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