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Abstract—This paper proposes an observer-based power-
synchronization control (OPSC) method for grid-forming con-
verters. The method can also be utilized for the starting of
synchronous generators. It is analogous to observer-based volts-
per-hertz (V/Hz) control of electric machine drives, consisting
of state-feedback control and an observer. A linearized model
of the closed-loop system is derived, passivity of the mechanical
subsystem is studied and tuning recommendations are given. The
power tracking performance is assessed and compared to that
of reference-feedforward power-synchronization control (RFPSC)
with the help of simulations and laboratory experiments using a
12.5-kVA converter. The results show that the proposed control
method provides good performance in both weak and strong
grids.

Index Terms—Grid-forming converter, observer, power-
synchronization control (PSC), stability, state feedback.

I. INTRODUCTION

Grid-forming converters are a potential solution to many
stability issues seen in grids experiencing high penetration
of converter-interfaced energy sources [1]–[4]. In contrast
to conventional grid-following converters, the grid-forming
converters make use of their own voltage and frequency
references to create a stable grid voltage without having to
rely on synchronous generators [5]. Their capability to self-
synchronize allows for superior performance in weak grids.
This is beneficial since renewable energy sources may be built
in remote locations characterised by weak grid conditions [2].
Grid-forming converters also have the capability to take part
in re-starting the grid following a blackout [6]–[8], which is
not possible with conventional grid-following converters.

Many control methods have been developed for grid-
forming converters, e.g., droop-based methods [9], [10],
and virtual synchronous generators [11], [12]. Power-
synchronization control (PSC) is an established control method
for grid-forming converters. Conventional PSC [13], [14] has
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good performance in weak grids while reference-feedforward
PSC (RFPSC) [15] also functions well in strong grids.

This paper proposes an observer-based PSC (OPSC) method
for grid-forming converters. OPSC is developed based on a
grid model utilizing virtual flux linkages. The method consists
of a state-feedback control law, an observer for estimating vir-
tual flux linkage and torque, and a power-synchronization loop.
Tuning recommendations for the method are developed and the
resulting good performance is shown through simulations and
experimental results.

Rather than trying to emulate the behaviour of a syn-
chronous machine, the control method is instead analogous to
observer-based V/Hz control of electric machine drives [16].
Therefore, reference variables that are familiar from machine
drives are used, e.g. flux linkage and torque, but these can be
easily converted to terms commonly used with grid convert-
ers. The method inherently provides electric machine control
capability, which makes it possible to power a synchronous
generator from zero-voltage and zero-speed conditions.

II. GRID MODEL

This paper utilizes column vector notation to present space
vectors, e.g., the converter voltage is uc = [ucd, ucq]

T. The
orthogonal rotation matrix is J = [ 0 −1

1 0 ], the identity matrix
is I = [ 1 0

0 1 ], and the zero matrix is 0m,n with the dimensions
given in the subscript.

For describing OPSC, it is convenient to consider the grid
voltage to be created by a (virtual) synchronous machine,
whose stator resistance is negligible and stator inductance is
L. The grid angle ϑg and angular frequency ωg = dϑg/dt
correspond to the rotor angle and angular speed, respectively,
of the virtual machine. Correspondingly, the grid voltage eg
is the induced voltage due to rotation of the magnetized rotor.

Fig. 1 shows the grid model in stationary coordinates. This
model in controller (or general) coordinates, rotating at the
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Fig. 1. Converter and grid models with space vector notation in a stationary
coordinates, indicated by the superscript s. PCC marks the point of common
coupling.

angular speed ωc, is given by

dψc

dt
= uc − Jωcψc (1a)

ic =
ψc −ψg

L
(1b)

where L = Lf+Lg is the sum of the filter and grid inductances
and ψc is the virtual converter flux linkage. The grid flux
linkage is

ψg = e−Jδψg
g (2)

where ψg
g = [0,−ψg]

T is the grid flux linkage in grid
coordinates and ψg is constant. Here, the direction of ψg

g is
selected such that the d-axis of the grid coordinate system
is along the induced grid voltage egg = Jωgψ

g
g. The angle

δ = ϑc−ϑg, where ϑc is the angle of the controller coordinate
system with respect to the stationary frame, corresponds to the
load angle. Its dynamic equation is

dδ

dt
= ωc − ωg (3)

Using the synchronous machine analogy, we define a virtual
electromagnetic torque

τg = iTc Jψc (4)

where per-unit quantities are assumed. The mechanical power
fed to this synchronous machine is pg = τgωg. To further
continue this analogy, the equation of motion is

Jg
dωg

dt
= τg − τm (5)

where Jg is the virtual moment of inertia and τm is the virtual
mechanical torque applied to the rotor by the prime mover.
This equation of motion yields the power balance (also known
as the swing equation) when both sides are multiplied by ωg.

III. CONTROL SYSTEM

Fig. 2 shows the control structure of the proposed OPSC
method. It consists of a state-feedback control law, an observer
for estimating flux and torque, and a power-synchronization
loop.

A. Control Law

The converter voltage reference is obtained with state-
feedback control

uc,ref = Jωcψ̂c + αψ(ψc,ref − ψ̂c) (6)

ic

eJϑc

e−Jϑc

uc,ref

1

s

State
feedback

ϑc
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Fig. 2. OPSC of a grid converter.

where ψc,ref = −Juref/ωg,ref is the converter flux reference,
uref = [uref , 0]

T is the reference for the converter output volt-
age, ωg,ref is the grid angular frequency reference (normally
chosen to be equal to the nominal grid frequency), ψ̂c is the
converter flux estimate, and αψ is the flux-control bandwidth.
The control law has similarities with the one proposed for
synchronous machine drives in [16].

The converter frequency reference is

dϑc
dt

= ωc = ωg,ref + kτ (τg,ref − τ̂g) (7)

where τg,ref = pg,ref/ωg,ref is the torque reference obtained
by scaling the power reference pg,ref , τ̂g is the estimate of
the virtual torque, and kτ is the torque-synchronization gain.
It is interesting to note that (7) is similar to the expression
of the converter frequency in conventional PSC and RFPSC
[14], [15], the only difference being that they use active power
whereas OPSC uses virtual torque. To achieve comparable
performance to RFPSC, the synchronization loops of OPSC
and RFPSC are tuned similarly by selecting kτ = ωg,refkp,
where kp = ωg,refRa/uref is the power-synchronization loop
gain used for RFPSC and Ra is the active resistance [15].

Alternatively, the control law (6) can be expressed as

uc,ref = Jωcψ̂c + αψL̂ (ic,ref − ic) (8a)

where L̂ is an estimate of the total grid inductance. The
internal reference signal

ic,ref = ic +
ψc,ref − ψ̂c

L̂
(8b)

can be saturated in order to provide some current limitation
functionality. Thus, (8) enables the implementation of, e.g.,
the current limitation schemes described in [17]–[19]. When
ic,ref is not saturated, the control law (8) is equivalent to (6).

B. State Observer

The observer used in this paper is based on previous work
on flux observers [16], [20], used in motor drive applications.



The estimated flux and torque dynamics are

dψ̂c

dt
= uc − Jωcψ̂c +

αoψ̂g

∥ψ̂g∥

(
ψg,ref − ∥ψ̂g∥

)
(9a)

ψ̂g = ψ̂c − L̂ic (9b)

τ̂g = iTc Jψ̂c (9c)

where ψg,ref = ug,ref/ωg,ref is a constant. The signal uc

used in (9) is an estimate of the realized voltage, with
compensations for the time delays, uc(t) = uc,ref(t −
Td) exp(−JωcTd), where Td is the total delay [21]. This
realized voltage is typically available from the pulse-width
modulator (PWM), thus not requiring any additional voltage
sensor. The observer gain αo dictates the impact of the error
term that is dependent on the grid inductance. Selecting a
small observer gain in relation to grid frequency, e.g. αo =
0.1. . . 0.2 p.u., makes the observer robust to parametrization
errors in total inductance L̂.

IV. ANALYSIS

A linear model of the system is derived for stability analysis
(cf. the Appendix). For linearization, operating point quantities
are marked with subscript 0 and small-signal perturbations are
marked with a preceding ∆, e.g., ic = ic0 +∆ic.

The closed-loop transfer function from the flux reference to
the converter flux results in a first-order system,

∆ψc =
αψ

s+ αψ
∆ψc,ref (10)

The range of αψ that results in good performance is wide and
thus its selection is not of critical importance.

Fig. 3 presents the virtual mechanical subsystem, where the
open-loop mechanics of the virtual machine are described by
the equation of motion in (5). The transfer function from the
controller angular frequency ∆ωc to the output torque ∆τg of
the converter is

Gm(s) =
ψT

c0ψg0

sL
(11)

which is passive due to Re{Gm(jω)} ≥ 0 for any ω ∈ R. The
torque estimate is ∆τ̂g = ∆τg−iTc0J∆ψ̃c, where the converter
flux estimation error ∆ψ̃c is independent of ∆ωc. The only
remaining component in the synchronization loop is the gain
kτ , which is positive. Thus, the whole closed-loop mechanical
subsystem is guaranteed to be passive for passive open-loop
mechanics. This result holds not only with (5) but with any
passive mechanics, such as a two-mass system. This feature
allows the grid-forming converter to be used in some special
applications, where, e.g., starting of a synchronous machine is
needed.

V. SIMULATION RESULTS

A. Power Tracking Performance

The performance of RFPSC and OPSC is compared through
simulations. Table I provides the parameter values. RFPSC is
tuned according to the guidelines given in [14], [15].

kτ

∆ωg,ref

∆τg,ref ∆τ̂g

Gm(s)
∆τg

∆ψ̃c

1
sJg

∆τm∆ωg

iTc0J

∆ωc

Fig. 3. Linearized virtual mechanical subsystem with the virtual machine
mechanics represented by the equation of motion (5).

TABLE I
PARAMETERS USED IN THE GRID SIMULATIONS AND EXPERIMENTS

Parameters Actual value Per-unit value
System

Rated voltage
√

2/3 · 400 V 1 p.u.
Rated current

√
2 · 18 A 1 p.u.

Rated power 12.5 kVA 1 p.u.
DC-bus voltage 650 V 2 p.u.
Fundamental frequency 50 Hz 1 p.u.
Switching frequency 4 kHz 80 p.u.
Sampling frequency 8 kHz 160 p.u.
Filter inductance Lf 6.3 mH 0.15 p.u.

Tuning
Active resistance Ra 2.6 Ω 0.2 p.u.
Filter bandwidth ωb [15] 2π · 5 rad/s 0.1 p.u.
State-feedback gain αψ 2π · 120 rad/s 2.4 p.u.
Observer gain αo 2π · 10 rad/s 0.2 p.u.

Strong and weak grid conditions are tested, corresponding
to Lg = 0 p.u. and Lg = 0.85 p.u., respectively. In both cases
OPSC is tuned with L̂ = Lf , which will result in a parameter
error when the grid inductance is nonzero.

The simulation results for RFPSC and OPSC are shown in
Figs. 4 and 5, respectively. The power, current, and voltage
responses to step changes in the active power reference are
plotted. Both methods display nearly identical behaviour in
the strong grid condition, where L̂ = Lf = L is accurate.

In the weak grid condition, the parameter error in OPSC
becomes large, i.e., the actual inductance is L = Lf + Lg

while its estimate is L̂ = Lf . Good performance is still
achieved due to a low value of αo, reducing the impact of
the parameter error. On the other hand, low αo also results in
slower convergence and, thus, a small degree of ringing after
the step changes as well as lower delivered reactive power, cf.
Fig. 5. If an estimate for the grid inductance Lg were added
to L̂, the observer gain αo could be selected higher without
risking stability.

B. Starting a Synchronous Generator

The starting of a synchronous generator with OPSC is
studied through simulations. The parameters of a 2-MW four-
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Fig. 4. Step responses for RFPSC: (a) strong grid (Lg = 0 p.u.); (b) weak
grid (Lg = 0.85 p.u.)

pole permanent-magnet (PM) synchronous generator are given
in Table II. The converter has a power rating of 600 kW.

The per-unit tuning parameter values given in Table I are
also used in this simulation. The reference flux is ψc,ref =
1 p.u. and the inductance estimate is L̂ = Ld. The simulation
results are shown in Fig. 6. The synchronous generator is
accelerated from zero speed to the rated value under no-
load conditions by ramping up the frequency reference over
a period of 30 seconds, which keeps the current magnitude
below 1 p.u.

VI. EXPERIMENTAL RESULTS

A. Laboratory Setup

The performance of OPSC is studied experimentally. The
same parameters and tuning apply as in the simulations, cf.
Table I. Fig. 7 presents a block diagram of the laboratory

(a)

(b)

Fig. 5. Step responses for OPSC: (a) strong grid (Lg = 0 p.u.); (b) weak
grid (Lg = 0.85 p.u.)

setup, consisting of two 12.5-kVA three-phase converters. The
first converter is used to supply power to the DC-bus from the
grid, thus acting as a source. The second converter is used to
supply power to the grid, utilizing the control method under
test. A dSPACE MicroLabBox is utilized for control of the
second converter and also for monitoring purposes. A 50-kVA
four-quadrant three-phase programmable grid simulator from
Regatron is placed at the output of the test converter.

B. Power Tracking

OPSC is evaluated with two different levels of grid in-
ductance, Lg = 0 p.u. and Lg = 0.62 p.u. The same
power reference sequence is used as in the simulations. The
experimental results for power tracking, shown in Fig. 8,
confirm the results obtained from the simulations. It shows
that OPSC works well in both strong and weak grids.



TABLE II
PARAMETERS USED IN SIMULATION OF STARTING A 2-MW FOUR-POLE

PM SYNCHRONOUS GENERATOR

Parameters Actual value Per-unit value
600-kW converter

Rated voltage
√

2/3 · 400 V 1 p.u.
Rated current

√
2 · 1.22 kA 1 p.u.

DC-bus voltage 650 V 2 p.u.
Fundamental frequency 50 Hz 1 p.u.

2-MW generator
Rated voltage

√
2/3 · 400 V 1 p.u.

Rated current
√
2 · 4.08 kA 3.34 p.u.

Rated speed 1 500 r/min 1 p.u.
Stator resistance Rs 0.76 mΩ 0.003 p.u.
d-axis inductance Ld 0.52 mH 0.62 p.u.
q-axis inductance Lq 0.52 mH 0.62 p.u.
PM flux linkage ψf 0.55 Vs 0.53 p.u.
Moment of inertia J 324 kgm2 16 800 p.u.

Fig. 6. Starting a 2-MW synchronous generator with OPSC.

VII. CONCLUSIONS

An OPSC method was developed for the control of grid-
forming converters. Converter flux dynamics and mechanical
passivity was analysed based on the linearized model of
the closed-loop system. The tuning recommendations that
were developed makes the method robust against parameter
uncertainty and allows the same tuning to be used regardless
of grid strength. Based on the test results, the method shows
good power tracking performance in both weak and strong
grids. Simultaneously, the active power tracking can be seen
to be very similar to that of RFPSC. Results show that the
use of flux linkages in the control law also enables OPSC to
easily start a synchronous generator.

System under test

dSPACE
control
system

Lf Lg

LCL

Grid simulator

Grid

Source
400 V
50 Hz

ic,abcudc

Fig. 7. Experimental setup. Lg is used only in the weak-grid condition.

(a)

(b)

Fig. 8. Experimental results for power tracking with OPSC: (a) strong grid
(Lg = 0 p.u.); (b) weak grid (Lg = 0.62 p.u.)

APPENDIX
LINEARIZED MODEL

Let us assume accurate converter voltage uc = uc,ref and
inductance estimate L̂ = L. The linearized form of the control



law (6) is

∆uc = Jωc0∆ψ̂c + Jψc0∆ωc + αψ(∆ψc,ref −∆ψ̂c) (12)

Then, (12) is inserted in the linearized form of (1a), giving

d∆ψc

dt
= −αψ∆ψc+(αψI−Jωc0)∆ψ̃c+αψ∆ψc,ref (13)

where ψ̃c = ψc − ψ̂c is the estimation error. The estimation-
error dynamics are obtained using (1b), (2), (9), and (13),
leading to

d∆ψ̃c

dt
= −(Ko0 + Jωc0)∆ψ̃c −Ko0Jψg0︸ ︷︷ ︸

=02,1

∆δ (14)

whereKo0 = αoψg0ψ
T
g0/∥ψg0∥2. The expression for the load

angle dynamics is

d∆δ

dt
= ∆ωc −∆ωg (15)

The state-space form is obtained from (13)–(15),

ẋ =

−αψI αψI − Jωc0 02,1

02,2 −Ko0 − Jωc0 02,1

01,2 01,2 0


︸ ︷︷ ︸

A

x+

αψI02,2

01,2


︸ ︷︷ ︸

Bc

∆ψc,ref

+

02,1

02,1

1


︸ ︷︷ ︸

Bm

∆ωc +

02,1

02,1

−1

∆ωg (16)

where x = [∆ψT
c ,∆ψ̃

T

c ,∆δ]
T.

The closed-loop transfer functions can be obtained from
the system matrices in (16). With the output matrix
Cc = [I,02,2,02,1], the converter flux dynamics ∆ψc =
Gc(s)∆ψc,ref are obtained, where the transfer function matrix
Gc(s) = Cc(sI5 −A)−1Bc = αψ/(s+ αψ)I . Furthermore,
the output torque is

∆τg = iTc0J∆ψc −ψ
T
c0J∆ic

=

(
iTc0J − ψT

c0J

L

)
︸ ︷︷ ︸

aT

∆ψc +
ψT

c0ψg0

L︸ ︷︷ ︸
b

∆δ (17)

Hence, the output matrix corresponding to ∆τg = Gm(s)∆ωc

is Cm = [aT,01,2, b], giving Gm(s) = Cm(sI5 −
A)−1Bm = ψT

c0ψg0/(sL). Other transfer functions can be
obtained similarly.
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