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Enhanced Synchronization Stability of Grid-Forming
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Oscillator Control
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Abstract—In this article, a passivity-based virtual oscillator
control strategy with enhanced synchronization stability for grid-
forming inverters (GFMs) is proposed. By adopting the port-
controlled Hamiltonian system theory for orbital stabilization
problems, an energy pumping-and-damping block is proposed to
render GFMs globally asymptotically stable with respect to the
prespecified solutions of the power-flow equations from any initial
condition. This allows for stable integrations of GFMs to any other
globally asymptotically stable systems without their explicit knowl-
edge, e.g., helping maintain synchronism with the bulk power sys-
tem in a wide range of short-circuit-ratio conditions or under large
disturbances and keeping synchronism among multiple GFMs in
power systems. Both simulations and experiments are presented to
demonstrate the proposed control approach.

Index Terms—Grid forming inverter, port-Hamiltonian system,
synchronization stability, virtual oscillator control.

1. INTRODUCTION

ITH increasing inception of power electronics interfaced
Wresources and loads in utility power grids, including
wind turbine generators, photovoltaic generators, battery energy
storage, and electric vehicle charging station, the grid-forming
inverters (GFMs) have been adopted to address the issues of
high penetration of power electronics and to improve grid sta-
bility and resiliency [1], [2]. The control approaches used in
these existing GFMs can be roughly classified as two types
based on their closed-loop behaviors [3], [4]: 1) mimicking
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the physical behaviors of the synchronous generators (SGs) and
2) mimicking the physical behaviors of the coupled harmonic
oscillators (CHO). The first type of control strategies adopts
the well-established theory/approaches for SGs and operates
the inverters following the same dynamic equations. On the one
hand, this SG-emulation strategy is compatible with the legacy
power system. But on the other hand, the characteristics of the
power electronics device are different from the SG. The former
(i.e., the power electronics device) is with fast actuation, almost
no inertia, and limited current capability while the latter (i.e.,
the SG) is with slow actuation, large enough inertia, and large
current capability. The SG-based control cannot intrinsically
take the power electronics characteristics into consideration.

The second type of control strategies for GFMs is to mimic
the spontaneous synchronization behaviors of CHOs in complex
networks. For example, the power-frequency (p-f) droop control,
as one of the most popular controls for GFMs, can be precisely
modeled by the nonuniform multirate Kuramoto-type first-order
coupled phase oscillators [5]-[7]. However, the p-f droop con-
trol only considers phase dynamics of the oscillators, with the
oscillation amplitude assumed at a fixed value. To emulate both
the phase and magnitude dynamics of CHO, certain control
methods, referred as the basic virtual oscillator control (basic
VOC), have been developed [8], [9], including the dead-zone
VOC and the Van der Pol VOC, but the power sharing of each
GFM relies on the load and power network parameters [10], [11].
Therefore, to have a power dispatchable capability, a method
called dispatchable VOC (dVOC) has been developed in [4],
which offers seamless control of the active and reactive power
of the GFM.

One critical challenge for all these control methods is to
maintain synchronization stability, i.e., keep synchronism with
the power network in large-scale power systems under variable
grid conditions and with multiple inverters [2], including the
following scenarios.

(SCI1) The inverters should be able to maintain synchronism in
the grids with different grid short-circuit-ratios (SCRs) under
small disturbances.

(SC2) GFMs should maintain system transient stability under
large disturbances, such as load dispatch, fault, and line
impedance variations.

0885-8993 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on April 07,2023 at 02:13:35 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-8875-9104
https://orcid.org/0000-0002-4912-9660
https://orcid.org/0000-0002-3246-4067
https://orcid.org/0000-0002-2133-9199
mailto:lkong4@vols.utk.edu
mailto:lqiao1@vols.utk.edu
mailto:yx@ieee.org
mailto:fred.wang@utk.edu
https://doi.org/10.1109/TPEL.2022.3187402

14142

(SC3) For systems with many small-to-medium and distributed
GFMs, it is important to have a decentralized control method
so that the GFMs are capable of maintaining system syn-
chronous stability in a local way [12].

Note that the transient stability [13], [14] is the ability of
a power system to remain in synchronism when subjected to
severe disturbances, and it is a special case of the more general
rotor angle stability, which is defined as the system’s ability
to maintain synchronism after either a small disturbance or a
large disturbance. Both the rotor angle stability and its special
case transient stability are the stability issues defined in con-
ventional power systems dominated by SGs. Synchronization
stability is an emerging concept to depict the stability issues
induced when power electronics inverters are synchronized to a
grid. The synchronization stability includes small-signal side-
band oscillations of the fundamental frequency, small-signal
synchronous oscillations, and large-signal transient stability, all
of which are related to power inverter synchronization con-
trol. The synchronization stability for power inverters corre-
sponds to the rotor angle stability of SGs in today’s power
systems [2], [15].

Existing control approaches all have some limits in solving
these synchronization problems in the abovementioned three
scenarios (SC1-SC3) in large-scale power systems with variable
grid conditions and multiple inverters. For example, using the
most popular p-f droop control approach with existing theoreti-
cal findings about the Kuramoto oscillators, the system stability
conditions can be obtained; however, the entire system informa-
tion is required for the droop coefficients design, which is not
feasible for a variable large-scale power electronics-dominant
system. Moreover, despite the existing p-f droop control can
keep system synchronization stability in a low-SCR grid [16],
it tends to have small-signal synchronization instability issues
in stiff grids when a low-pass filter (LPF) is embedded in the
power loop [17]. The basic VOC methods could be applied
to GFMs to globally stabilize the system through only local
design based on the £, input—output stability criterion without
explicit system information, but they cannot dispatch power to
the system. The power dispatchable capability can be obtained
by the dVOC approach, but to ensure system global asymptotic
stability, it requires the knowledge of the underlying dynamics
of the entire system, such as the system Laplacian matrix, the
set points at all the nodes, and the transmission line parameters
[4], [18]-[20]. Recent work on a generic SG-emulation control
framework is developed in [21]. It adopts the passivity-based
port-Hamiltonian (pH) system theory to render the power elec-
tronic system passive with only assuming the load is passive,
either in grid-connected mode or islanded mode. This approach
is promising in solving these synchronization problems since
the lossless interconnection of passive inverters forms a passive
system [22]-[24]. However, it has not completely bridged the
gap between passivity and stability yet [21]. Additionally, the
approach in [21] uses a three-channel structure, where the first
channel is for torque, the second channel is the dual to torque,
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and the third channel is only for lossless interconnection in pH
system structure without any physical meanings.

Therefore, in this article, adopting the pH system the-
ory, a passivity-based VOC method to ensure the global
asymptotic stability with a clearly defined region of at-
traction [25] is proposed considering the following
aspects.

1) The Hamiltonian function in the passivity-based pH
system theory can be naturally chosen as a candidate of
the Lyapunov function so that the system stability region
can be defined [26], [27].

2) The pH-based passivity concept used in this paper is a
nonlinear time-domain solution, so unlike the existing
linear passivity-based control approaches, which either
only focus on the small-signal harmonic stability issues
[28]-[32] or the small-signal synchronization stability
[33], it can guarantee system stability under large distur-
bances in the region of attraction.

3) Ifeach subsystem is globally asymptotically stable (GAS)
and if the interconnections are stability preserving, then
the overall interconnected system will be GAS [34].
Therefore, it would be feasible for stable integration of
multiple inverters since as long as all the inverters are
designed to be GAS, the stability of the entire system in
the domain of attraction can be guaranteed when they are
interconnected.

Hence, the new contribution of this article lies in that the
proposed control strategy can guarantee system synchronization
stability from any initial condition without the need for explicit
system information, which is achieved by incorporating the char-
acteristics of spontaneous synchronization of CHOs in complex
networks and the passivity-based energy pumping-and-damping
motion.

The rest of this article is organized as follows. Section II
describes the GFMs with the general VOC method and its
corresponding pH model. In Section III, a passivity-based
control approach is proposed based on port-controlled Hamil-
tonian theory. Section IV presents the theoretical stability
analysis results of the proposed approach and the compar-
ative case studies with existing approaches. Section V pro-
vides the design recommendation of control parameters con-
sidering the dynamic response of GFMs, in addition to the
stability-related criteria. Simulation and experimental results
are presented in Section VI. Finally, Section VII concludes this
article.

II. MODELING OF GFMs WITH GENERAL VOC IN
PORT-HAMILTONIAN FRAMEWORK

A. GFMs With General VOC Approach

There is a close connection between CHOs and the control
of power inverters because of the synchronization of inverters
pertaining to the synchronization of CHOs. Therefore, in this
article, we rely on controlling the GFMs to behave like the
Stuart-Landau (SL) oscillators owing to two considerations
[35]-[38]. First, the harmonic oscillation pattern of the SL
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Fig. 1. Grid-connected GFM with a general VOC approach.

oscillator has a clear mapping to the voltage pattern in power
systems. That is, the oscillators represented in Cartesian co-
ordinates can describe the two voltage vectors (v, and vg) in
power system, which are transformed from three-phase voltage
through Clark transformation. Second, it is easy to develop
coupling terms in an analytical form for multiple coupled SL
oscillators using the ac power flow analysis results of the power
grids.

Accordingly, the entire power grid can be modeled as
(1) in polar coordinates [37], [39], where, wy is the natural
frequency of oscillator k, 7;/uk; is the dissipative/reactive
coupling strength between interacting oscillators, v,y is the
reference value of the oscillation amplitude, and vy, ( = py, %)
is a complex variable with p; being the amplitude of os-
cillator k and 6 being its phase angle. The model in (1)
can also be reformatted in Cartesian coordinates as given
in(2), where v, = voy + Jvgy. Furthermore, since this article is
aimed to design a local control approach for GFMs to ensure the
stability of the entire system without the knowledge of the rest
of the system, the problem can then be simplified as two CHOs,
as shown in Fig. 1 with a single-directional coupling that is from
grid to GFM without loss of generality. This is because, in the de-
sign of grid-connected GFMs, the grid can be assumed as an ideal
three-phase voltage source, which can be modeled as a coupled
harmonic oscillator v and vg, through Clarke transformation.
And the GFM can be controlled as coupled harmonic oscillators
v, and vg. Also, to have the power dispatching capability, the
power flowing through interconnected lines between the grid
and the inverter should be controlled, so the power flow can be
considered as the coupling effect from the grid oscillator to the
inverter oscillator.

In this oscillator-based model, there are two types of couplings
in between: one is the internal coupling between v, and vg
through the oscillation frequency, and the other is the external
coupling between the inverter oscillator and grid oscillator,
which is physically coupled by the power flow among the
connecting lines. As shown in (3), which is simplified from
(2) by considering two groups of coupled harmonic oscillators,
w, 1s the system fundamental frequency, and the terms in the
square brackets are the measure of coupling strength CP, ;e
and C'Pg . between the GFM and the grid. The coupling
strength term can be further modeled by the power flow anal-
ysis results, as given in (4), for a well-synchronized system,
where v and p is defined by the power system parameters, as
given in (5), with L, being the impedance and R being the
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equivalent resistance of the connecting line between GFM and
grid.

More details on the derivation process can be seen in Ap-
pendix A

N
@k:<”3efk+jwk—|vk|2) vet > (vei i) (vi—ok) (1)
=1

Vak = (vfefk — vz) Vak — WEUBE + vaz 1
[(Vri (Vai — Vak) — tri (Vg — vgr) ]
RIS (vfefk—v;%> Vgk T WkVak + ZZN: 1 [y (Vi — Vi)
+itki (Vai — Vak)]
(2)

Vo — Wovg+ [ (Vag—Va) —p(vag — vg)]

Vg +Wola + [v (Vg —v8) + 11 (Vag—va)]
3)

vg = (vfef 7v2)

{Opa,ref] _ {’Y (UOtg - voz) — K (Uﬁg - Uﬁ)]
CPg ref v (vag —vg) + 1 (Vag — Va)

_ i _Qref Pref Vo
N v2 |:_Pref _Qref:| |:'Uﬁ:| ' @

It can then be inferred that to mimic the behavior of CHOs, the
controller of GFMs should follow the control structure as given
in (6), where &; is the Hopf bifurcation parameter that controls
the convergence speed of the trajectory onto the attractor, &5 is a
tuning gain for the coupling strength of the reactive power loop,
and &3 is the tuning gain for the coupling strength of the active
power loop. Note that the initial conditions for the first-order
differential equations (6) should avoid the origin point to initiate
an oscillation

woly

T T Rt (oL,
(R ) 5)

B= R2+(W0Lg)2

|:1.)o¢:| _ {Ocu Ocu} {UQ} ©6)
Ug Oc21 Oc22 | | vg

where

Oc11 =0c2 =& (vi; —v%) +& (szp - fz) )

v

ref
P,.. P
Oc21= — Oci2 =w, +&3 ( ;f — 2) . (8)
vl v

The control dynamics introduced in (6) is a general form of the
CHO-emulation control strategies with (7) describing the ampli-
tude dynamics and (8) describing the frequency dynamics of the
oscillator. For example, if the amplitude dynamics of the inner
oscillations are ignored, it can be simplified as the conventional
active power-frequency (p-f) and reactive power-voltage (Q-v)
droop control loops, as will be shown later in Section V-B; if
the external coupling effects from the active power and reactive
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power are ignored (2 = &3 = 0), it can be simplified as the
basic VOC method; while if the tuning gains of the coupling
strength in the reactive and active power loop are the same (
& = &3 ), it will be equivalent to dVOC approach in [4] and
[20], furthermore, if the reference voltage is equal to the real
voltage in the outer power coupling term ( vfe ;= v?), it can be
further simplified as the dVOC method in [19] and [40].

B. Open-Loop and Closed-Loop Models of GFMs With
General VOC in pH Framework

1) Open-Loop pH Model: The open-loop pH model of the
GFM in Fig. 1 is derived as (9) [26], where the state vector
T =[¢ra 918 4 98] = |[Lyira Lyirg Cyva Crug]’ |
which are the inductor flux and capacitor charge, Jp = —J, g
is the interconnection matrix as in (10), Rp = RITD > 0 is the
damping matrix as in (11), G(z) is control matrix as in (12), the
u and y are the input and output pairs of the system, and ¢ is the
external interaction variables as in (13). Note that v represents an
ideal voltage source (control vectors in the closed-loop) because
the switching frequency of an inverter is much higher than the
fundamental frequency, the switching effect can be ignored.
In addition, the open-loop Hamiltonian function H,(z) is a
smooth function of the states representing the total inductor and
capacitor energy, as given in (14), and its gradient called variable

of coenergy VH, (x) = 855; =[iLa iL8 Va vﬁ]T

&= (Jp—Rp) VH,(z)+ G (x)u+¢ o
y =G" () VH, (x)
00 -1 0
00 0 -1
_ 10
Jp 10 0 0 (10)
01 0 0
Ry 0 0 0
0 Ry 00
Rp = 1
r 0 0 00 (in
0 0 00
10
0 1
G (z) = 12
(x) 0 0 (12)
0 0
0 0
0 iga
. -1 0 [19/3} (13
0 -1

1 1 1 1
Hy () = 5 Lyi% ., + iLf’%ﬁ + §Cfv§ + §Cfvg. (14)

2) Desired Closed-Loop pH Model: The desired closed-loop
pH model combing the general VOC dynamics in (6) is given in
(15), where, J4(x) is given in (16) and R4(x) is given in (17)
with b3y and by3 givenin (18), a;; and aq9 given in (19), ass and
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a44 given in (20), and &4 is the current loop control gain. Also,
the desired closed-loop Hamiltonian function H,(x) is given in

ey

&= (Ja(x) —Ra(x)) VHa(z) (15)
[0 0 O 0
0 0 O 0
Je@ =100 0 b (10
0 0 by O
(a1 O 0 0
o R I
0 0 0  ag
biz = — bzs = Cy Ocan (18)
ain =az = —Lg&y (19)
azz3 = agy = —Cf Oc11 = —C;Oca2 (20)

1 . .
Hy(x) = 3 Li(ipa — ZLoeref)2
1 . ) 1 1
+ §Lf(7fLB - ZLBref)2 + §Cf’l)i + §Cf7]?.3
(21)

III. PROPOSED PASSIVITY-BASED VOC APPROACH
A. Passivity-Based VOC Method in pH System

The control vectors u can then be solved, as given in (22), by
matching the open-loop pH model in (9) and desired closed-loop
pH model in (15). The detailed derivation process can be seen
in Appendix B

u = |:ua:| _ |:_Lf£4(iLaref - Z‘Loz) + RfiLoz + Vo
ug —Ly&a(irpres —ing) + Ryirp +vp
(22)

Then, the passivity-based control theory can be applied to
design the GFM to be stable with this control vector. The con-
ventional passivity-based design is based on the interconnection
damping assignment (IDA) approach [41], which is to design the
closed-loop pH model in (15) to meet the following criteria:

1) Rq(z)=RE (z) > 0is positive semidefinite;

2) Ja(z) = =TI () is skew-symmetric;

3) Hgy(z)is alocal minimum at desired equilibrium point .

However, the IDA approach is mainly intended for a fixed-
point regulation or tracking of a reference, it does not meet the
design goal in this article, which is to achieve a stable orbit.
Therefore, for orbital stabilization, a modified IDA passivity-
based approach via energy pumping and damping motion is
adopted as follows [42].

First, the closed-loop Hamiltonian function Hy(z) in (21) is
decomposed into two parts: H;(x;), as given in (23), which is
to track the current reference following the conventional IDA
approach and Hp(xzp) , as given in (24), which is to push the
state trajectory to the desired orbit.
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Second, a function ®(z,) that defines the Jordan curve,
a nonself-intersecting continuous loop in the plane is given
in (25), with the desired capacitor energy level Hj =
% Cf(viref + Ugref) = % Cfvgef > mln(Hp(xp))

Third, the damping matrix R4(x) in (17) is reformatted as
(26), where, Ry = [aél a(;} ,Rpp = [aSB a(i4

Then, as shown in Fig. 2, when H), is larger than H, i.e.,
®(xp) > 0, the energy should be damped, i.e., Ry, > 0; when
H,, is smaller than H;, i.e., <I>(33p) < 0, more energy should be
pumped into the system, i.e., Ry, < 0.

Therefore, with Ry > Oand Ry, satisfying the damping-and-
pumping conditions in (27), the modified IDA passivity-based
criteria can be obtained.

Note that several assumptions have been made to ensure
that the system is asymptotically orbitally stable, including the
following:

(H1) ;] is the largest invariant set in the set {x; €
R"*QWTHl(xl)R”(xl)VHl (1’1) = 0},

(H2) Ja(x) satisfies VI Hy,(2,) Tpi () = 0 and J(12) () =
Von(;(:()zz,ﬂio) | 50= @(a,) 7 0, where 0 < |e(z)| < oo;

(H3) for some e.>0 and e.-neighborhood B (z;),
V2Hp|wp635*($;) > 0and maxp,_(5)Hy(zp) > Hj,.

The assumptions HI and H2 ensure that tlim x (t) =2a)
—00

which means the current can only converge to the reference
current in the steady state; and the assumptions H2 and H3
guarantee that the voltage oscillator can only converge to the
desired orbit

1 . . 1 . .
Hl (wl) = 5 Lf(ZLa_ZLaref)2+§Lf(ZLﬁ_zLBref)2 (23)

1 1
® (vp) = Hp (zp) — H; (25)
Ru O2x2
Ry = 2x2 26
¢ [ O2x2 Rpp2><2:| (20)
Rpp® > 0andR,, = 0= & (z,) = 0. 27
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B. Function Blocks of Proposed Control Approach

The detailed function blocks of the control vectors given
in (22) can be found in Fig. 3. The control blocks consist
of three parts: 1) external coupling control to determine the
coupling strength between the inverter and the grid to achieve
system synchronization through the active and reactive power
regulation; 2) the internal oscillation control to mimic the virtual
oscillator behavior of three-phase output voltage in a0 frame;
3) the inner current control to provide damping for the current
loop.

Applying the modified IDA passivity-based criterion to the
design of parameters, the following three requirements can be
obtained.

1) by3 = —bsy # 0. Also, &3 should not be designed to be
too large because the steady-state fundamental frequency
of the inverter should be the same as the grid frequency
so that the prespecified ac power flow solutions are still
valid.

2) To achieve Ry > 0, &4 should be negative.

3) To meet the criterion in (27), the sign of & should be
adjusted following the rule in (28) and &; should be

positive
Qref Q 2 2
sgn (( ”?«ef 2 (v vref) .

(28)

As long as the control parameters are selected following the

three requirements above, the GFMs will be GAS. It means that

the GFM will autonomously synchronize with the rest of the grid

under different scenarios, including grids with different SCRs,

grids with large system disturbances, and grids with multiple
inverters.

sgn(€2) =
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IV. STABILITY ANALYSIS OF PROPOSED PASSIVITY-BASED
VOC APPROACH

A. Lyapunov Stability Analysis

To further validate that the GFMs with the proposed design are
asymptotically stable, a Lyapunov energy function V' (x) can be
constructed as (29) based on the Hamiltonian functions. First, it
can be easily proven that V(x) > 0 for Va # x,.. Then, taking
the time derivative of V' (), (30) can then be obtained. According
to Ry, > 0and (27), it can be concluded that V(:zr) < OforVx #
Zref. Also, when ||z|| = 0o, V(z) — oo. Therefore, based
on the properties of Lyapunov’s second method and LaSalle’s
theorem, it is proven that the system is GAS in the region of
attraction, which is defined as Q = {z € R"|V () < 0}[25]

V(@) = Hi (o) + 502 (z,) (9)

V()= —VTHRyVH, —V'H,[R,,® VH, (30)

Applying LaSalle’s invariance principle, the state will ul-
timately converge into the largest invariant set A of the set
{z € R"| x; =z}, [Rpp(x)®(x)]VH,(xz) = 0}.It has been
proven in [42] that A = C U col(x},z;) and C is a nonempty
attractive closed orbit. That means if the GFM meets the modi-
fied IDA passivity-based criterion, it can eventually approach the
desired voltage oscillator and current equilibrium points starting
from any initial state.

B. Comparisons of Proposed Control Method With Existing
Approaches

The stability of the proposed control approach has been math-
ematically analyzed based on the Lyapunov stability theorem in
Section IV-A. It has been proved that the inverter can reach the
steady-state operating point from any initial conditions due to
the passivity-based control. To be more specific with the concept
of power system stability, in this subsection, the synchronization
stability will be investigated under the three scenarios introduced
in Section I (i.e., SC1-SC3).

First of all, it has already been shown in [8] that the dVOC ap-
proaches are superior to the conventional droop control in terms
of system synchronization stability. Therefore, the proposed
approach will not be compared with conventional droop control
and will only be compared with the more advanced dVOC ap-
proaches. Additionally, since the proposed control is developed
based on the mechanism of coupled harmonic oscillators, it will
have a similar structure as the existing dVOC approaches [4],
[19], [20], [40]. Note that in the following discussion, the method
in [19] and [40] will be denoted as dVOC1, the method in [4] and
[20] will be denoted as dVOC?2, and the proposed method will
be denoted as PVOC. The circuit diagrams of system synchro-
nization stability-related control blocks of dVOC1, dVOC2, and
PVOC (ignoring the inner current loop in Fig. 3) can be obtained,
respectively, as shown in Fig. 4, where the voltage oscillators are
built based upon the line-to-line rms value of the output voltage.

The synchronization stability performance of the proposed
PVOC can then be compared with the dVOC approaches.
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Fig. 4. Control diagrams of different VOC approaches. (a) dVOC1[19], [40].
(b) dVOC?2 [4], [20]. (c) Proposed PVOC.

For SC1 and SC3, comparison results between the dVOC and
the proposed approach can be easily obtained. First, for SCI,
it has been proved in [8] that the dVOC approach will always
remain stable as long as an equilibrium operating point exists
with constant voltage amplitude. The same conclusion can be
reached for the proposed control approach since if neglecting
the voltage amplitude dynamics, the proposed PVOC would be
the same as dVOC1 and dVOC?2. Second, for SC3, the proposed
approach is developed based on the theorem of passivity-based
control design, so the stability of interconnection of multiple
inverters can be guaranteed, while the control parameters of
the dVOC approaches need to be designed with the system
information.

While for SC2, a case study will be given below to illustrate
the different performances between the proposed control and
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POC @ Line 1 Infinite bus
IR Are's \guuan
T
VOC controls T Line 2
Fig. 5. Test scenarios of the transient stability analysis.
TABLE I
ELECTRICAL AND CONTROL PARAMETERS OF THE TEST SYSTEM
Variables Value Variables Value
Peak phase
Output power  |600 W/I p.u. voltage 40.8 V/1 p.u.
De voltage 130V Switching 10 kHz
frequency
System frequency 60 Hz Line 1 6 mH/0.54 p.u.
. 2.4 mH/ .
Output inductance 0.22 p.u. Line 2 6 mH/0.54 p.u.

Power droop gain y=n=15l=¢=15

na

Oscillator | Fast B=%1= Z. 0.02
convergen n&ef

ce speed Slow B =¢ =——=0.001
uref

the existing dVOC approaches. A system of a GFM connected
to an infinite bus through two paralleled transmission lines, as
shown in Fig. 5, is adopted as an example for a comparison
study of system transient stability. Two fault scenarios will be
considered, including the following:

1) open-circuit fault (OCF) on Line 1;

2) short-circuit fault (SCF) with Lg,o,+ = 1 mH on Line 2.

More specifically, for the OCF, it is assumed that the fault
happens at 4 s, during fault there is an equilibrium point, and the
fault will be cleared by restoring Line 1 at 8 s. For the SCEF, it
is assumed that the fault happens at 2 s, during fault there is no
equilibrium point, and the fault will be cleared by disconnecting
Line 2 after 250 ms.

To achieve a fair comparison, the control parameters of the
three methods are designed to be equivalent. Also, two groups
of control parameters considering different voltage oscillator
convergence speeds are investigated, including a fast- and a
slow- oscillator convergence speed. A larger value of 3, a, or
&1 means a faster voltage convergence speed [19]. The detailed
electrical and control parameters of the test system are given in
Table I.

The dynamic equations for the three VOC approaches can
be obtained for the system transient stability analysis. The
frequency and voltage dynamic equations for dVOCI can be
obtained as (31) and the equations for dVOC2 are given in (32),
where «y and ) are the power control gains, (3 and « are oscillator
convergence speed. For the proposed method, the current loop
has almost no impact on system transient stability due to its
small control gain and thus can be neglected. The frequency and
voltage dynamic equations for PVOC can then be obtained as
(33), where &; is the oscillator convergence speed, £2 and &3 are
the power loop control parameters. Note that « in these equations
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is the control voltage, not the output voltage of the inverter. Also,
assume that the cut-off frequency of the LPFs in the measured
power signals is large enough, so their impacts can be neglected
for the transient stability analysis here

5:% {Prey — P (u)sind} an
= ﬂ (uzef B u2) u+ % {Qref - Q (ua 6)}
b= (Iu;f _ W)

(32)
i () (32 25,
§= g (Dt - Pgint)

ref o Q( 5) ’ (33)
=6 (1) (- 250).

To analyze the system transient stability, these two coupled
dynamic equations in (31)—(33) will be numerically solved using
the MATLAB command “ode45” with which the phase portrait
§— & and u — & curve can be plotted, then the time-domain
simulation results will be obtained to further verify the analysis
results.

1) Transient Stability Under Different Fault Conditions:

Case 1: Fast convergence speed under OCF

In Case I with the OCF on Line 1 and with the fast con-
vergence speed of the oscillator control, it can be seen from
Fig. 6 that the system with all three control methods can reach a
steady-state operating point before the fault occurs (i.e., b=0
in phase portrait) from a random initial point, during the fault,
and after the fault is cleared, separately. Also, since the fault is
cleared by restoring Line 1, the system will return to the same
operating point as the prefault condition after the fault is cleared.
Additionally, it can be noticed that the PVOC has better control
voltage regulation capability (i.e., # = 1 p.u.) than the other two
approaches.

Case 2: Slow convergence speed under OCF

In Case 2 with the OCF on Line 1 and with a slow convergence
speed of the oscillator control, it can be seen from Fig. 7 that
the system with dVOC2 and PVOC can reach a steady-state
operating point before the fault occurs, during the fault and after
the fault is cleared, separately. However, the system with dVOC1
loses synchronism during fault and cannot return to steady-state
conditions after the fault is cleared because of the sharp voltage
drop. Additionally, the proposed PVOC has better voltage and
power regulation capability than dVOC2.

Case 3: Fast convergence speed under SCF

In Case 3 with the SCF on Line 2 and with the fast convergence
speed of the oscillator control, it can be seen from Fig. 8 that the
system with all the three control methods can reach a steady-state
operating point before the fault occurs and after the fault is
cleared, separately. And during the fault, since no equilibrium
point exists, none of the three methods can reach a steady state.
In addition, the fault is cleared by disconnecting Line 2, so
the system will return to another operating point after the fault
is cleared. Additionally, it can also be noticed that the PVOC
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Fig. 6. Case I: (a) analysis result and (b) simulation result.

approach has better voltage regulation capability than the other
two approaches.

Case 4: Slow convergence speed under SCF

In Case 4 with the SCF on Line 2 and with a slow convergence
speed of the oscillator control, it can be seen from Fig. 9 that
the system with both dVOC2 and PVOC can reach a steady-
state operating point before the fault occurs and after the fault is
cleared, separately. And during the fault, since no equilibrium
point exists, neither of the two methods can reach a steady state.
In addition, the fault is cleared by disconnecting Line 2, so the
system will return to another operating point after the fault is
cleared. Additionally, it can be noticed that PVOC has better
voltage regulation and power regulation capability than dVOC2.
While the system with dVOC1 will lose synchronism during
fault and cannot return to a steady state after the fault is cleared
due to the sharp voltage drop.

2) Impacts of LPFs in Power Loops on System Stability:
From the results abovementioned, it can be concluded that
dVOCI1 has worse stability performance than dVOC2 and
PVOC. In addition, dVOC?2 has poorer voltage and power regu-
lation capability than PVOC.

In this section, stability comparisons will be continued be-
tween dVOC2 and PVOC with considering the LPFs in the power
measurement loops when the cut-off frequency is low. Normally,
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Fig. 9. Case 4: (a) analysis result and (b) simulation result.

an LPF will be added to filter out the noises in the measured
power in the system. So, the phase and voltage dynamics of
dVOC2 and PVOC can be modified as (34) and (35), separately,
where wipp is the cut-off frequency of the LPF and s is the
Laplace operator

y = Pref _ _wpr P(u)sind
0= n (u?,ef S+wWrpF u?
o N 2 2 QrEf _ _WIPF Q(u,é)
U= 2 <u7‘€f u ) u+n <u2 stwipr  u? u
ref ref
(34)
¢ Prey  wipp P(u)siné
0= 53 (ui’f S+wLpF u2
L 2 2 Qres wipr Q(u,9)
=& (uref—u )u+£2(ug_:f — o= )u

(35)

The system transient stability will be analyzed under Case 4
where there is a short-circuit fault on Line 2 with slow oscillator
voltage convergence speed. The cut-off frequency of the LPFs
that are added in both active power and reactive power loops
is 1 Hz. Fig. 10 shows the simulation results of the transient
stability with dVOC2 and PVOC. Since it is difficult to solve
the dynamic equations in (34) and (35) directly, the S—u—20
will be drawn based on the simulation results instead. From
the simulation results, it can be observed that dVOC2 will
lose synchronism when the fault occurs and cannot return to
steady-state operating conditions after the fault is cleared due
to the sharp voltage drop when LPFs are added to the power
measurement loops. It has also been found that impacts of the
two LPFs in the active power and reactive power loop of dVOC2
are unlike those in the conventional active power-frequency (p-f)
and reactive power-voltage (Q-v) droop control. Pan et al. [43]
concluded that the slow LPF in the p-f droop control loop will
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Fig. 10.  Simulation results of transient stability under SCF with fast con-
vergence speed and LPFs in power measurement loop: (a) § — u — ¢ curve of
dVvVOC2, (b) § — u — 6 curve of PVOC, and (c) time-domain simulation.

degrade the system stability, while the slow LPF in Q-v droop
control loop can improve the system stability. However, for the
dVOC?2 approaches, it has been found that the LPF in the active
power loop does not affect system stability, while the LPF in the
reactive power loop will affect system transient stability. That
is, a slow LPF with a low cut-off frequency of reactive power
loop can exacerbate the system transient stability. However,
LPFs in the power loops of the proposed PVOC will not affect
system transient stability because of the good voltage regulation
capability provided by the pumping-and-damping motion in the
reactive power loop.

So far, stability comparisons among the existing control strate-
gies and the proposed control method considering the scenarios
introduced in Section I (SC1-SC3) can be obtained, as shown
in Table II.

V. PARAMETER DESIGN OF PROPOSED CONTROL CONSIDERING
DYNAMIC REQUIREMENTS

In addition to the limitations of IDA passivity-based design
criteria on the selection of control parameters, the dynamic
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TABLE IT
STABILITY COMPARISONS OF DIFFERENT CONTROL STRATEGIES
SC1: Is the system small-signal . . deo SC3: Is system information
Control methods stable under different SCRs? SC2: Transient stability? required for control design?
Droop control w/o Stable Heavily damped p-f droop, but O-v droop may Yes
LPF [43] worsen system stability by causing a voltage drop
Droop control with Might be unstable under stiff Second-order frequency dynamics like power
LPF grid conditions due to less swing dynamics of SGs and Q-v droop may Yes
or VSM [8], [43], [44] damping worsen its stability by causing a voltage drop
dVOC [8] Stable Same as droop control w/o LPF Yes
Proposed PVOC Stable Stable No
TABLE III T T T
WORKING CONDITIONS AND CONTROL PARAMETERS OF THE
SINGLE-INVERTER TEST
Variables Value Variables Value
Grid impedance 3.6
Dc voltage (V) 130 L (mH) (0.54 p.u.)
Voltage rising
Ac voltage (V) 50 time T (ms) 20
Power references Control variable s s L L L
Pre, Orer 0.6,0 £ 0.0605 0 5 10 15 20 25 30 35 40 45
(KW, kvar) 1 me (ms)
Rated power Srared 1 Control variable 0.42 Fig. 11.  Voltage rising time with designed &7 .
(kVA) |$2]
Output inductor 2.4 Control variable 314
Ly (mH) (0.36 p.u.) & ’
Output capacitor 10 Control variable 20 ¢1 can be determined [19]
Cr (uF) $a
o 2 2
=& (vmf — |l )v (36)
TABLE IV 9 (1.9
WORKING CONDITIONS AND PER UNIT VALUE OF SYSTEM PARAMETERS IN ¢ 1 ! k3 (kl - 1) 37)
MULTIPLE INVERTER TEST - 5 n 2 /1.2 :
2£1vref k1 (kz - 1)

Variables Value Variables Value
Dc voltage (V) 130 Line 1 (p.u.) 0.37

Ac voltage (V) 50 Line 2(p.u.) 0'& 85‘?

Rated power (kVA) 1 Line 3 (p.u.) O'é 14?
Real power of Giz2 (p.u.) 0.3?0%8 Line 4(p.u.) 0.38
Real power of Gis (p.u.) 0.5 Line 5 (p.u.) 0.11
Real power of G2z (p.u.) 0.5 Line 6(p.u.) 0.11
Real power of Gas (p.u.) 0.5 Line 7 (p.u.) 0.11

response of the inverter should also be considered. Therefore,
several tips on the control parameter design are given as follows.
Note that the calculated values will be used in the simulation and
experimental analysis in Section VI.

A. Inner Voltage Oscillator Dynamics

By ignoring the slower power dynamics in (6), the voltage
dynamics equation can be derived as (36). Then, the time of
voltage rising from k; V. to k2V o can be calculated based on
(37). Therefore, with the specification on voltage rising time ¢,

For example, if the time of voltage rising from 0.1 V¢ to
0.9 V,f is 20 ms, then, &; is calculated to be 0.0605 with V ..¢
= 50 V based on (37). The voltage rising time of the voltage
vector with designed &; can be seen in Fig. 11.

B. Power Dynamics

Taking power dynamics into consideration, the system is then
expressed as (38). For simplicity, the dynamics of a faster inner
voltage loop are ignored, therefore, the system dynamics can be
simplified as (39). It can be observed from (39) that the power
dynamics of the proposed control are similar to conventional
droop control, as shown in (40) if the voltage dynamics are
ignored. In the field application, the selection of the P-f droop
gain m and Q-v droop gain n are usually designed to be several

percentages (k, and k) of the nominal valueasn =k Zrel and

9 Prey

<& Therefore, mapping from the proposed control

m =ky gt
to droop control, the outer coupling term gains care suggested

. V2 wrV?
to design as [&a| = kq P;:; and &3 =k, ﬁ';f. For example,
kp = 2%, kg = 10%, so & = 31.4, |&2| = 0.42. Note that &
is a sign-indefinite value in the proposed control, the absolute
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Fig. 12.  Equivalent circuit of the inner current loop.
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Fig. 14.  Start-up of the GFM with the proposed passivity-based VOC method.

value is considered here for simplicity

V=4 (erf - |V|2) V+& (

W - )

. ref (38)
0= wn + 6 (P2 - )

‘:/ = ‘/;*ef + % (Qref - Qm) (39)
0=wr + V% (Pref — Pm)

V = ‘/Tef +n (Qref - Qm) (40)

é:wR +m(meme).

C. Inner Current Loop Control Dynamics

The inner current dynamics have the least impact on system
stability if £, < 0, but it may have some impact on system load
transient performance. To have a control parameter design of the
inner current loop, the equivalent circuit is obtained, as shown in
Fig. 12. Then, the model of the inner current loop can be derived
as (41), where G,,; = W . To have faster voltage
transient, £, should be designed to cause small Av following
equations in (42) as follows:

Ti = — Gui (Lyés + Ry) (41)
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Fig. 16.  Circuit diagram of the six-inverter system test with the proposed
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Fig. 17.  Simulation results of G12 when the system line impedance changes

during an out-of-service fault.
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For example, with different £, values, the system exhibits
different voltage dynamics though the differences are small. As
shown in Fig. 13, &, is preferred to be selected as -20 to have a
better load transient.
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Fig. 19.  Voltages at PCC during start-up of the GFM with the proposed control

method in islanded mode.

VI. SIMULATION AND EXPERIMENTAL VALIDATION

A. Simulation Testing

To validate the effectiveness of the proposed control
method, several scenarios are simulated and examined in MAT-
LAB/Simulink, including systems with a single GFM and with
multiple GFMs.

1) Stable Operation of a Single GFM With the Proposed
Method: In the single-inverter test, both the islanded mode and
grid-connected mode are considered. The control parameters
and working conditions are listed in Table III.

Fig. 14 shows that the proposed control method can start up
properly in the islanded mode. Also, in the grid-connected mode,
the inverter can be connected to the grid smoothly, as shown in
Fig. 15att=0.5s.

2) Stable Operation of Multiple GFMs With the Proposed
Control: A system with six inverters that are implemented with
the proposed control approaches, as shown in Fig. 16, is built in
MATLAB/Simulink for further validation under two transient
scenarios: I) change of line impedances and II) change of load
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Fig. 20.  Voltages at PCC in a stable connection of the GFM into the grid in
grid-connected mode.

Fig.21. HTB of the six-inverter system test with the proposed control method.
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Fig. 22.  Measured power of G2 and Gj;3 when system line impedance

changes during an out-of-service fault.
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Fig. 23. Measured power of Gi2 and G13 with load power change.

power. The working conditions and system parameters are listed
in Table I'V.

Scenario I: Change of Line Impedance

In this scenario, the impedances of Line 2 and Line 3 are
assumed to be increased to emulate some out-of-service faults.
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Fig. 25.

It can be seen from Fig. 17 that the change of line impedances
at + = 2 s will not affect system stability, both the voltage and
power will return to a stable value after the transient.

Scenario II: Change of Load Power

In this scenario, the power of G2 is assumed to change from
0.2-0.8 p.u. at r = 2 s and then to —0.2 p.u. at = 4 s. Note that
the positive power means the inverter is a load that is consuming
power in the system, and the negative power means the inverter
is a source that is providing power to the system. As shown in
Fig. 18, during the load transient, the voltage can be kept stable,
and the power can track the references well.

B. Experimental Testing

1) Stable Operation of a Single GFM With the Proposed ASC
Method: An experimental setup of the single GFM is built to
verify the effectiveness of the proposed passive control strategy
with the same parameters as listed in Table III. Figs. 19 and
20 show that the system is stable in both islanded mode and
grid-connected mode.

c5 | F1 LplIR(..
500 A 200A 200A] 100V 100V 100V
3850A]  -145A] 5204 1.00s, 100 1.00 {8

Measured voltage and current waveforms with load power change.

‘Tbase 40 ms|[Trigger (S &S
Roll 1.00 s/div| Stop 3V
10 MS 1 MS/s|Edge Positive)

2) Stable Operation of Multiple Inverters With the Proposed
Control: The six-inverter system with the proposed control is
tested with NSF/DOE CURENT hardware testbed (HTB) [45],
as shown in Fig. 21. The proposed control method is imple-
mented on the DSPs (TMS320F28335) for local control of each
inverter. The working conditions and system parameters are the
same as given in Table IV, and the control parameters of each
inverter are given in Table III.

Scenario I: Change of Line Impedance

The system is tested under different line impedance values
with Line 2 changing from 0.18-0.54 p.u. and Line 3 chang-
ing from 0.11-0.47 p.u. It can be seen from Figs. 22 and 24
that the system can remain stable under different grid network
conditions.

Scenario Il: Change of Load Power

When the load power changes, for example, the real power
of Gy is changed from 0.2 p.u. to 0.8 p.u. to -0.2 p.u., it can
be seen from Figs. 23 and 25 that the system is stable no matter
how the load conditions are.
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VII. CONCLUSION

To develop a grid-forming inverter with the capability of
maintaining synchronization stability under different grid con-
ditions without the need for the knowledge of grid dynamics, a
passivity-based port-Hamiltonian system theory with a general
VOC approach has been proposed. First, an energy-based model
in the port-Hamiltonian framework for GFMs is developed, with
the closed-loop behavior to mimic the coupled SL harmonic
oscillators. The inverter is proved to be global asymptotic stable
with the positive damping of the inductor current and the energy
pumping and damping of the capacitor voltage. In addition to
the stability requirements, the dynamic performance of GFMs
is also considered for the control parameter design. Simulation
and experimental results are given to validate the effectiveness
of the proposed control method.

The method assumes a grid that is global asymptotic stable
from any initial states. The future work is to extend the proposed
method to a more general system.

APPENDIX A
COUPLING STRENGTH DERIVATION

Normally for coupled oscillators, the synchronization is
achieved by adjusting the coupling strength v and p.. However, in
power systems, the coupling strength is fixed, which is defined by
the connecting line parameters. The system synchronization is
then obtained by achieving the predefined steady-state working
conditions, i.e., Py and Qe

CPg ¥ (v8g = vg) + 1t (Vag — Va)
o 1 5 e | A B
- =] [vs oy | | vag

In the steady state, the instantaneous power flowing out of the
inverter to the grid can be calculated, as (A.2) and (A.3), where
0 =0, — 0

[CPQ] _ |:"Y('U(xg — Vo) — 1 (vpg — Uﬁ)]

v2R — vu, [Rcos (8) + w,Lysin (6)]

Py =
! R2 4 (woLy)?
= pv? — vy [pecos (§) + ysin (8)] (A.2)
Qres = v2wLy — vvg [weLy cos (§) — Rsin (6)]
Rz + (WOL9)2
= yv? — v, [y cos (§) — psin (5)] (A.3)
Therefore,
,zw2 — Prey
peos (0) + vsin (0) = ——— (A4)
VY
2 _
v cos (0) — psin (§) = w (A3)
VU,
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Assuming vy = v+ Av, vog =vy costy and wvgy =
vy sinfy, and according to 6, = 6 + 0

1 b R e R ge]
Wy Vgg Wy Vg sin
oy —p cosd —sind Vo + Doa
- [,u vy ] {siné cos d } l:’l)ﬁ—‘rAvg]

| ycosd — psind —ysind — prcosd Va | vy
" | ysind 4 pcosd ycosd — psind vg| v’
(A.6)

Substituting (A.4)—(A.7) can be obtained
171 [5)-
ey Vg —

e P’V‘E -
M_ ref ,_y_ Q;zef UB

2

’Y“z_Qref _/”)2_P7‘ef
U'Ug U'U_q /l]a 'Uig
#”2*Pref 7”27Q7‘6f Uﬁ v

Vg

(A7)

Therefore, the coupling term under a steady state can be
modeled as

eher)-[5e) sD (o v
CPs rey =] [vs] | p—tt S
— Qs Prey Va
[vavg] :[ —UPTJU _Q;;f] [vﬁ]. (A.8)
APPENDIX B
SOLVING CONTROL VECTORS THROUGH THE MATCHING
EQUATION
By matching (9) and (15), (B.1) can be obtained as
00 -1 0 Ry 0 00 L
. 00 0 -1 0 Rf 0O iL3
11100 o] | 0o 0o 0o Va
01 0 0 0 0 vs
(10 0 0
01][%] 00 [z‘ga]
+ - .
0 0 up 1 0 295
L0 0 0 1
0 0 0 ©0 a;; 0 0 0
B 00 0 0 0 ax O 0
“{lo o0 0 b | | O 0 ap O
0 0 bsg O 0 0 0 ags
Lo~ ULaref
LB —ULBref
Vo
s
(B.1)
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Then, the control vectors can be calculated as

—al 0 0 0

[ua}_ 100 0 0 —am 0 0
ug 01 00 0 0 —asz b3
0 0 baz —aua
iLa_iLaTef
o | P8~ iLgres
Va
vB
—R; 0 =107 [ira 00
0 —R; 0 =1 Jigg| | 0 0| [ig
1 0 0 0 Vq 1 0 g

(B.2)

Rearranging (B.2), it can then be obtained that

u,]_[1000],
uz | (0100
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