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With the rapid increase in renewable energy integration, conventional inverters are finding
it difficult to maintain stable voltage and frequency. In contrast, grid-forming inverters
actively regulate these parameters, providing enhanced stability and flexibility. This thesis
explores the core advantages of grid-forming inverters comparing to conventional
inverters, develops mathematical models for voltage and frequency control, and proposes
advanced control strategies to handle various disturbances and intermittent power sources.
Comparison of the simulation results confirms that grid-forming inverters could output
power with higher quality and have the functionality to switch between on and off-grid
mode compared to conventional inverters. Meanwhile, this thesis improves the virtual
synchronous machine control method by embedding the integral term in reactive power
control to achieve the voltage regulation with zero difference.
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GFLI
GFMI
DC
AC
VSG
THD
PWM

Filter inductance

Filter capacitance

Filter inductor equivalent resistance
Line inductance

Switching frequency

Control rated active power

Control rated reactive power
Current before filter inductance
Voltage after filter capacitance
Voltages at midpoint of inverter bridge arm at phase i
Gain of inverter

Sampling period

Proportional factor of PI controller
Integral factor of PI controller

Grid rated angular frequency
Moment of Inertia

Damping coefficient

Grid-side inductance

Gird-side resistance

Mechanical active power
Electromagnetic active power

P-f droop factor in VSG control
Q-V droop factor in VSG control

Grid following inverter

Grid forming inverter

Direct current

Alternating current

Virtual synchronous generator
Total harmonic distortion
Pulse Width Modulation
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1 Introduction

1.1 Research background

The promotion of worldwide sustainable activities has boosted the demand for renewable
energy, primarily wind and solar power. According to the International Renewable Energy
Agency (Zhu, D. et al., 2020), renewable energy already accounts for 38.3 % of global
electricity generation in 2021, and this share is expected to grow continuously over the
coming decades. Since most renewable energies produce direct current (DC), inverters are
essential for converting DC to alternating current (AC) which can be used directly in the
industrial and household applications. The characteristics of wind and solar power are also
fluctuating and unpredictable, bringing risks to renewable energy grid integration and grid
stability. To ensure the reliability of the power system, microgrids and distributed generation
(DG) have become popular solutions (Rathnayake et al., 2021). These systems often require
the capability to operate either connected to the main grid or in islanded mode where
inverters also help control voltage, frequency, and power flow, ensuring stable and efficient

integration of renewable energy into the grid.

Traditionally, grid-following inverters (GFLIs) highly rely on the main grid's voltage and
frequency signal as a reference to inject power to grid, and they only work well in the case
of grid stability which is always called strong grid. However, with the popularity of grid-
connected renewable energy sources and microgrids, the limitations of GFLIs are gradually
emerging, such as the dependence on PLLs, the limitation of maximum transmission power,
and low-SCR instability (Ravanji, M. H. et al., 2024). Renewable energy power plants are
often situated far from the main grid, which leads to high line impedance and fluctuations in
grid voltage and frequency which is known as weak grid (Zhou, S. etal., 2018.). As a result,
the external reference signal that GFLIs rely on becomes unreliable, making these inverters
are prone to synchronisation problems and unstable operation (Xu, J. et al., 2024).
Additionally, in microgrid scenarios, GFLIs are not able to switch between grid-connected
and islanded modes which makes them less adaptable for maintenance operations and for
providing localized power during exceptional conditions in remote areas. In contrast, grid

forming inverters (GFMIs) can independently generate stable voltage and frequency
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reference even without the support of the main grid and could operate independently, which
might be the better option in the high proportion of renewable energy access as well as

microgrid scenarios (Rathnayake, D.B. et al., 2021).

1.2 Comparison between grid-forming and grid-following inverters

Grid-connected inverters are mainly divided into GFLIs and GFMIs. GFLIs rely on a stable
voltage and frequency provided by the external grid as a reference, synchronising with the
grid voltage through techniques such as phase-locked loops (PLLs) (Zhu, D. et al., 2020).
GFMIs, capable of autonomously generating and maintaining voltage and frequency
references for the grid (Rosso, R., 2020), are proposed in the islanded mode where a local
grid is formed by disconnection from the main grid. Since GFMI control mimics the
principle of a synchronous generator, PLLs are no longer required (Chen et al., 2023). For
remotely located wind farms and photovoltaic plants with high line impedance, which are

also regarded as microgrids, GFMIs are suitable for this scenario as well.

GFLIs are typically regarded as controlled current sources with high parallel impedance, and
power regulation is achieved by injecting currents that depend on the reference voltage and
frequency of the external grid. GFMIs can be approximately to voltage sources with low
series impedance, and power control is realised by regulating the voltage at the output, which
can be implemented without relying on external grid signals and independently providing a
stable reference voltage (Pattabiraman et al., 2018). Whilst GFLIs are widely used in
conventional grid-connected systems, their high dependence on the external grid and
limitations in weak grid conditions make them challenge when dealing with high penetration
of renewable energy sources and complex grid environments (Verbe, S.C., 2021). In contrast,
the strong self-synchronisation capability of the GFMIs and the advanced strategy to provide
virtual inertia resembling that of a conventional synchronous generator (Pishbahar, H., 2023)
(Liu, J., 2017) enhance the autonomy and stability of the power system and compensate for
the inadequacy of the GFLIs under weak grid conditions. The comparison between GFLIs

and GFMIs are summarized as Table 1.



Table 1. Comparison of GFLIs and GFMIs. (Zhu, D. et al., 2020) (Rosso, R., 2020)
(Pattabiraman et al., 2018) (Pishbahar, H., 2023) (Liu, J., 2017)

Feature

GFLIs

GFMIs

Principle

Synchronize with external grid using
PLLs.

Generate and maintain their own
voltage and frequency references;
imitates principle of synchronous

generator.

Source Model

Current sources with high parallel
impedence.

Voltage sources with low series
impedence.

Power Regulation

Inject power based on grid reference

Regulate ouput power independently.

signals.
Application Used in convertional grid-connected Ideal for islanded operation and
system especially in strong grids. remoted microgirds or weak grids.
Inertia Relies on the external grid for inertia. Provides virtual inertia, similar to

synchronous generator.

1.3 Main control strategies of inverters

In recent years, a great deal of research has been carried out in the field of inverter control
technology and many key findings have been achieved. In addition to the key properties of
GFLIs and GFMIs mentioned above, a variety of control strategies for GFMIs have also
been investigated. There are four main types of control strategies: constant power control,
constant voltage and frequency control, droop control, virtual synchronous machine (VSM)
control (Rocabert, J., 2012) (Rathnayake et al., 2021).

Constant power control, which is also called PQ control, is a control method that directly
regulates the output active and reactive power from an inverter. By measuring and regulating
the output current, the inverter can produce the output according to the set reference values
of active and reactive power, thus fulfilling the requirements of grid power balance and
reactive power compensation (She, B. et al., 2024). Its advantage is that it directly controls
the active and reactive outputs and therefore has a fast response time. However, it is usually
used under grid-connected conditions because it requires the grid voltage for calculating the

reference current and the grid frequency and phase for the phase-locked loop synchronisation.



Also, due to its sensitivity to grid coefficients, grid faults or disturbances may lead to control

ineffectiveness.

The constant voltage and frequency control strategy is also known as V/f control, where the
inverter output voltage and frequency are commanded values to maintain the load side
voltage and frequency stable (Bharti, R., 2019). Usually, the inverter with V/f control will
act as the main inverter in the system to provide voltage and frequency support to the local
loads, so it is mostly used in off-grid or islanding mode. However, there are limitations in
parallel connection of multiple machines as it is more suitable for single or off-grid systems.
And the V/f-controlled inverter needs to independently maintain voltage and frequency
stability in off-grid mode, and the energy is completely dependent on the local energy storage

system, which requires high storage capacity and response speed.

As for droop control principle, it aims to is mimic the traditional synchronous generator
characteristics, adjusting the relationship between the output voltage and frequency and the
output power (Tayab, U. B. et al., 2017), and is commonly used in the microgrid-connected
operation or in the parallel connection of multiple machines. Its advantage is that it does not
require high-speed communication, and it can automatically adjust the output according to
the load change (Shahgholian et al., 2025), which realises the power balance among the
nodes. And it can switch between grid-connected and off-grid modes, supporting modular
expansion of distributed energy sources (PV, energy storage). Its disadvantages is the low
system inertia, which cannot buffer the power fluctuation of high proportion of renewable

energy.

Virtual synchronous generator (VSG) control is based on the synchronous generator's rotor
equations of motion and excitation control equations to provide inertial response and
damping characteristics of a synchronous generator to the inverter, which can suppress
sudden frequency changes and provide inertial support for the power grid (Huang, L., 2021).
However, due to its high algorithmic complexity and sensitivity to measurement accuracy,

it is not widely used in commercial area.

The concluded comparison between four main control strategies is as following Table 2.
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Table 2. Comparison between different control strategies.

Feature

Advantages

Drawbacks

PQ control (She,

Produce set output

Directly output the

Only suitable in grid-

conditions.

B. etal., 2024) | according to measured required active and connected mode.
current. reactive power.
V/f control Commands inverter Provides reliable voltage Limited to single/off-grid
(Bharti, R., output voltage and and frequency support in systems; depends heavily on
2019) frequency for stable load | off-grid or islanding mode. | high-capacity, fast-response

local energy storage.

Droop control
(Tayab, U. B. et

Adjust relationship

between P and f or Q and

Do not need

communication; do not

Low system inertia.

al., 2017) u. rely on the main grid.
VSG control Mimics generator inertia | Provide inertia to suppress | Complex algorithms and is
(Huang, L., and damping. sudden change. error sensitive.
2021)

The thesis focuses on switching on and off-grid inverters, distributed energy storage system
scenarios such as microgrids in remote areas. Therefore, the mathematical modelling of this

thesis mainly focus on droop control and VSG control.

1.4 Objective and main contributions

Although previous work has provided theoretical and experimental foundations for the
development of GFMIs, there are still some problems to be solved: firstly, there is
insufficient analysis data comparing the performance of GFMIs and GFLIs in the same
operating condition, which makes it difficult to visually show the actual advantages of
GFMIs; secondly, the voltage regulation of the VSG remains in differential regulation.
Therefore, it is necessary to conduct a comprehensive and in-depth performance evaluation

of GFMIs by constructing a more refined control strategy model and conducting simulations.

The aim of this thesis is to examine the mathematical modelling and simulation of the GFMI
based on droop control and VSG control, and to compare it with the traditional GFLI, with

respect to the power quality, dynamic response and stability problem of system under the
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background of the development of renewable energy sources. In addition, an improved
control strategy is put forward aiming at addressing the differential regulation of voltage
control. In summary, this thesis provides systematic theoretical and simulation validation for
the comparison between GFLI, droop control and VSG of GFMI. Furthermore, simulation
results have shown the possible improved control strategy in VSG control for better voltage

regulation.
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2 Mathematical models for GFMIs with droop control

This section mathematically models the three-phase full-bridge inverter with droop control,
and it is divided into three parts: three-phase inverter, voltage and current control loop and
droop control modelling. The reference voltage for voltage control loop could be generated
based on real-time active and reactive power deviations through droop control equation
where active and reactive power are calculated. It is also required to detect the real-time
output current and voltage values and control the output current based on the reference value,
so the system needs a voltage-current dual closed-loop controller. The PWM driven signals
drive the inverter bridge arm switching tubes converting the DC input into a required AC

output. Figure 1 shows the control block for droop control.

Vo* io* Lt Le
¥ Voltage *| Current Loop .| PWM m
Loop Control Control "| signals - — Busbar

Cr

A 4

Y

.||_|

Vo

~

A

Power
Calculations

Generating
Reference Voltage

A A

Droop Equation

r s

io

Ly

Figure 1. Three-phase inverter control block diagram for droop control. (Du, W. et al.,
2020)

The following Table 3 shows the basic parameters for three-phase full bridge inverter with

droop controller used in this thesis.
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Table 3. Basic parameter configuration for droop control simulations.

Parameters Symbol Value

DC voltage Ve 700 V

Switching frequency f 5 kHz

Filter inductance L¢ 1.6 mH

Filter capacitance Cs 40 pF

Filter inductor equivalent resistance T 0.01Q
Line inductance L, 0.32 mH

Droop control rated active power P, 20 kw

Droop control rated reactive power Qo 0 kVar
Grid rated angular frequency Wy 314 rad/s

Grid rated voltage amplitude 1A 311V

2.1 Three-phase full-bridge inverter modelling

In this thesis, the three-phase voltage source inverter uses a three-phase full bridge

topology with the filter inductance L, equivalent resistance r, and filter capacitance Cs.

The line inductance L. is set to ensure the inductance equivalent line impedance, and it is

not included in inverter modelling in this part. The topology for the inverter used in this

thesis is as Figure 2.

Q)

JK}

as]

fo Hao

A\ 4

Ha

Ubo

43

1K

Hc

Ik

A\ 4

UHeo

Figure 2. Three-phase full-bridge inverter topology.
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The mathematical model of the inverter can be organized initially in the abc three-phase

stationary coordinate system. Since the variables controlled by the closed loop are i;,, i;p,

iLc) Ugo» Upo aNd u,,, their equations are listed and organised in the form of matrices for

easy observation and calculation. The mathematical model for inverter in three-phase

stationary coordinates (abc coordinates) is

r T

- 0 -2 0 0]
Lf Lg
. r 1 .
_l.La 0 _L_f _L_f 0 _%La_
lLb 0 0o T o 21X lLb
a ILc — Lg Le (| L +
dt | Uao 1 0 0 0 0 0 [|Uao
Upo Cr 1 Upo
—uco C_f 0 0 0 0 _uco_
0 0 - 0 0 0
i Ct |
[ 0 0 0 - 0 O]
Lg
1 .
0 0 0 0 & Oy,
0 0 0 00 Ll.b"
" ' uco (1)
- 0 0 0O 0 O A
£ . Ug
0 - — 0 0 0 OfLuc
Cr
0 0 —= 0 0
i Ct |

For the convenient design of the control system, a coordinate transformation is required

from three phase stationary coordinate to two phase rotating coordinate.

The abc three-phase stationary coordinate system can be transformed to the a8 two-phase

stationary coordinate system using the Clark transform (Salem, Q. et al., 2023), which is

intended to reduce the number of variables. The a8 two-phase stationary coordinates

consist of the a and S axes, with the a-axis coinciding with the original a-axis and the -

axis perpendicular to the a axis. Project the original abc three vectors onto the af axis

results in

u —Z(u U, oS = ucosn)
a3 a b 3 c 3
u —z(u cos=—u cosn) 2)
BT 3 \"b=¥> g Bt
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which is multiplied by 2/3 to follow the equal amplitude principal.

The matrix in the af8 two-phase stationary coordinates is

—— -—— 0 [ 0 0 — 0
, Lg Lg , Lg ,
i i i
iLoc 0 _r 0 _ 1 iLot 0 0 0 1 ioa
dallp|_ Le Le|| '8 |4 Lo (3)
dt (Uoq ) 0 o [[Hoa| |=L2 o o ol||%| "
Uog Ct ) Uog Ct . ug
0 — 0 0 0 —=
Cg Cr

After reducing the variables there is still needed to further change the AC variables to DC
variables. The Park transformation allows the conversion from af8 two-phase stationary
coordinates to direct-quadrature (dq) two-phase rotating coordinate system (Sakinci, O. C.
& Beerten, J., 2020). Three space vectors in abc three-phase stationary coordinates can be
combined into a single synthesis vector, e.g. three-phase voltages can be combined into a

single combined voltage vector as follows
U = U, + Uy + U = 2 Une/t (4)

where U, is the amplitude of the three-phase voltage, w is the angular velocity of rotation
of the synthesis vector related to a8 coordinates. 8 is the angular difference between af8
coordinates and dq coordinate and ¢ is phase angle of synthetic vector. For the visual

relationship between the two coordinate systems is shown in Figure 3.

Ur

Ud
lq

¢

Figure 3. Relationship between aff coordinates and dq coordinate.
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The Park transformation matrix is

Tap-aq = [

cos (wt)
—sin (wt)

sin (wt)
cos (wt)

(5).

The equation of the three-phase inverter in the dq two-phase rotating coordinate system

can be obtained by multiplying both sides of equation 3 by the Park transformation matrix:

1 r - 1
5 L @ L
. £ £ f
lrd 1 r | [Yod 1 Uq
. —_—— —w —_—— —_
d |iLg L¢ L¢ 1lioq L ?iq ©)
1 i 11|t '
dt [Uod 0 W = 0 |['d -= od
uoq f L qu 1f loq
) 0 0 — ——
Ce L C¢

The state equations of inductance current for three-phase inverter in dg coordinates are

di
fd—Lt‘d = —Upq — riLd + Lfa)iLq + Uq
diy, . ,
Lfd_tq = —uoq — T'qu — waLLd + uq . (7)

The state equations of capacitance voltage for three-phase inverter in dq coordinates are

duod

C
fdt

= wauoq + iLq — lod

dug . .
Cfd_tq = CiwlUog + iLg — log- (8)
The calculation of coordinates transformation MATLAB code could be found in appendix
1.

2.2 Voltage and current close loop control modelling

In order to obtain the transfer function for voltage and current loop separately, further
transformation and decoupling need to be done based on state equations of inductance
current and capacitance voltage (Shengging, L. et al., 2013) (Qiang, W. etal., 2017) (Lin, C.

W. et al., 2013). PI controllers are used in voltage and current loop control.
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2.2.1 Current loop control modelling

In equations 7, ug and u, are voltages at midpoint of inverter bridge arm in dg coordinate
which could be expressed as ug = Kpwmmg, uqg = Kpwmmg Where Kpyyy is the gain of
inverter and my and mq are the PWM modulation signals. Variables of d and g coordinates
are coupled in two equations; thus, feedforward compensations need to be done in both

equations.

Let

my = — (Uiq + Upgq — LywiLg)

Kpwm

mg = —— (Uiq + Uoq — LrwiLq) (9)

KPWM

to pre-compensate for the coupling.

In equation9, u;, and u;, are the outputs of PI controllers and could be expressed as
K;;
Uig = (K + ) (iLa” — iva)

(K + K“) (qu - LLq) (10)

where K, and Kj; are proportional and integral factors of PI controller and i;," as reference

inductance current and i;, as detected inductance current.

Substituting equations 9 and 10 into equation 7 and eliminating the same phases yields

Lfﬂ = Ujq — Tig (11)

which are the state equations of inductance current after decoupling.

After the Laplace transform of the filter inductor, the control block diagram could be

expressed as Figure 4.
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iL

ILref + K. +_ K 1
i Pt = s PwM Les+r

Figure 4. Current closed loop control block diagram.

The open-loop transfer function of current loop can be expressed as

KpwMmGpi(s)
Lgs+r (12)

Gopen (S) =

where Gy;(s) represents the factors of PI controller.

The structure in Figure 4 ensures the closed-loop stability of the current loop but does not
take the effects of sampling delay and PWM modulation into account. To further improve
the robustness in the high-frequency band, the sampling delay and PWM modulation links
are added to the current loop closed-loop control block diagram. The improved block

diagram is shown below in Figure 5.

1 K 1 i,
PWM Lgs+r )

iLref + K + K” 1
PL " s Tss+1 0.5Tss+1

Figure 5. Closed-loop current control diagram with sampling delay and PWM modulation.

In Figure 5, 5 5T15+1 represents the small inertial link of PWM control where T denotes the
is

sampling period. The delay in current signal sampling is typically modelled as a first-order

inertial link, with its transfer function expressed as # Multiplying the two equals
N

1 1 1
X = :
05Tgs+1 Tes+1 0.5(Ts)?2+ 1.5T,s + 1

When the switching frequency is 5 kHz, the time constant T is relatively small. Therefore,

1
1.5Tss+1°

the PWM control and sampling delay blocks are combined as
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The final current loop control block diagram is shown below in Figure 6.

ILref . Kii 1 1 iL

K, +— — K
pi T 1.5Tss+1 PWM Lis+r

Figure 6. Current closed loop control block diagram after simplification.

The open-loop transfer function of current loop can be expressed as

_ KpwmGpi(s)
Goc(s) = (Lgs+7)(1.5Tss+1)"

The closed-loop transfer function of current loop can be expressed as

KpwmGpi(s)
_ (Lgs+r)(1.5Tss+1)
(Lgs+7)(1.5Tss+1)

The current loop transfer function could be further simplified as a first-order inertial
element G;(s) = ﬁ where T is the time constant. To obtain the simplified transfer
function, the PI controller poles are usually coincident with the intrinsic poles of the

controlled object which is % = Li Substituting it into the closed-loop transfer function

pi f
and simplifying it results in G;(s) = —¢——— where the time constant is equal to
KPWMKpiS+1
Lg
KpwmKpi'

2.2.2 Voltage loop control modelling

The state equations of capacitance voltage have been obtained as

duod , ,
CfT =14 — lod + wauoq



duoq . .
Cf_dt = qu - loq + a)Cfuod (8)

The outputs of the voltage loop P1 regulator for two axes are defined as

KVI %
Uyqg = (Kyp + T) (Uod"™ — Uod)

Kyi

Uyq = (Kyp + T) (uoq* - uoq) (14).

The d-axis and g-axis components exhibit mutual coupling, necessitating the feedforward
decoupling of capacitor voltages. To implement decoupling control, the reference currents

are defined as

iLa” = Uyg — WCloq + log

iLq = Uyq — WCflog + ioq (15).
Applying the Laplace transform to the above equation yields
Ig™(5) = Uya(s) — CeL{wuog} + Ioa(s)
ILg (8) = Uyq(s) — CeL{wuoa} + Iog(s) (16).
In chapter 2.2.1, the closed-loop transfer functions of current loop are defined as
ILa(s) = Gi()ILa ™ (5)

Iq(s) = G;i(s)I,q"(s) (17).

Substituting equations 16 and 17 into equation 8 yields
CesUoa(s) = Gi(s)Uyq(s) + Ce[1 — Gi()]IL{wuoq} — [1 — Gi(8)1oa(s)
CesUoq(s) = Gi($)Uyq(s) + Ce[1 — Gi(s)]L{wueq} — [1 — G;(s)]Ioq(s) (18).

Given that the time constant is small, 1 — G;(s) can be approximated as zero, allowing

equation 18 to be simplified to

1

Upa(s) = s Gi(5)Uya(s)

Uog(s) = 7 Gi(s)Uyq(s) (19).
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The control block diagram could be derived as Figure 7.

Uoref 1
+ K u
——( > Kpp +—° > Gi(s) | T s

Figure 7. Voltage loop control block diagram.

The control block diagram with feedforward decoupling of current and voltage control can

be shown as Figure 8.

i
i
| fod
I
- L
1 ™ Ug X 1 il ¥, Upa .
Kpwm PwM LY Y
|
\ !
\ ! o
iy !
i !
{ Grid
il !
/ i —
f I
/ |
! |
{ |
/ i
/ 1
/! i
/ i
1| m, Ug ~y 1 ¥ 1 Uoq
K » L — >
'{ KpwM '{ PWM + " Les+r i T Cgs
i
- i
| Current h!ﬂp 1eq

Voltage loop

Figure 8. Control block diagram for closed-loop control section with forward decoupling.

2.3 Droop control modelling

The basic design idea of the droop control module is based on the droop characteristic of
synchronous generators, which is the relationship between active power and frequency as

well as reactive power and voltage. When the frequency or voltage deviates from the rated
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value due to load change, the power generation module automatically adjusts the output

power according to the droop characteristic to maintain grid stability.

Firstly, the single-phase equivalent circuit for the operation of the inverter is derived (Salem,
Q. et al., 2023), as shown in Figure 9. E,46 represents the inverter equivalent internal
electromotive force, U, denotes the AC bus voltage, and Z, 486 is the impedance between the
output of the inverter bridge arm and the load terminal.

Zys0

— MM

A @ Up20

-

Figure 9. Single-phase equivalent circuit for inverter operation.

According to Ohm's law the current flowing through the busbar can be obtained as

. _ Eqs6-Ug
bo = R+jX (20)

where Z? = R? + X2,
Equation 20 can be reformulated in terms of trigonometric functions as follows:

__ Eqc0s6—Uy+j Epsind
R+jX

Lo (21)

where cosd = g and sind = ;
The output power of the inverter is

Eoc0s6—Uq+j Eqsiné

S= Uolo* = Uo( R+jX ) (22)-

By rearranging the terms, the inverter’s active and reactive output powers are respectively

obtained as follows:

2
P = %cos(@ —-6) — U%cos@ (23)
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2
Q= %sin(@ -8 — %sine (24).

When the inverter operates in a stable state, § remains relatively small, sind ~ & and cos
& = 1. Moreover, for consistency with the power system, the output impedance is assumed
to be purely inductive, i.e., 6 :g. Then the equation 23 and 24 can be simplified as (Du, W.

et al., 2020)

EoU,
Z

P= 5 (25)

Uo
Q= - (B~ Uo) (26)

From this, the droop characteristic can be derived: the inverter’s active power output is
primarily determined by the phase angle, whereas its reactive power output is governed

mainly by the inverter’s output voltage magnitude.

The droop property can be expressed as (Azizi Aghdam, S. & Agamy, M., 2022):
w=w"—m(P—P")(27)
V=V"-n(Q-Q")(28)

where w and V are the output angular velocity and voltage of inverter, P and Q are the real
output active and reactive power of inverter, P* and Q* are reference active and reactive

power and m and n are droop factors.

The droop factor can be obtained according to the following equation:

w —w

m = ——-(29)
V-V
n= o (30)

The Figure 10 below shows the droop characteristics more visually.
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P-f relationship Q-U relationship

Figure 10. Droop control characteristics.

In this thesis, the maximum allowable output active power was set to 45 kW and the
reactive power to 20 kVar. Based on the power quality requirement that the grid voltage
frequency variation should not be greater than 1 % and the voltage amplitude variation
should not be greater than 5 %, the minimum permissible angular frequency of the inverter
output is 310.86 rad/s and the minimum voltage amplitude is 295.45 V. The droop
characteristics m and n could be calculated respectively as 0.07e-4 and 0.8e-4 which will

be set in the droop control simulation.
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3 Mathematical models for GFMI with VSG control

Compared to simple droop control, VSG control simulates the oscillating equations of the
synchronous machine by introducing virtual inertia and damping coefficients, so that the
inverter mimics the rotating mechanical characteristics of the synchronous generator and
reduces the impact of transient changes on the stability of the power grid. In particular, the
virtual inertia affects the dynamic response of the system to disturbances and the rate of
frequency change, and the damping coefficient acts as a buffer to bring the system back to a

steady state.

The mathematical model of GFMI with VSG control can also be divided into three parts:
three-phase full bridge inverter, voltage and current closed-loop control and VSG control.
The mathematical models of the first two are consistent with the droop control section, thus
this chapter only focuses on the explanation of the VSG mathematical model (Meng, X. et
al., 2019).

The general control block diagram of VSG control can be seen as the following Figure 11.

Inverter

DC Source —l—_ DC/AC

y J
_df S :fzw_ A M
Iy w,
e -

P 1 Q" Environment

Figure 11. General control block diagram of VSG. (Benhmidouch, Z. et al., 2024)

The following Table 4 shows the basic parameters for three-phase full bridge inverter with

VSG controller used in this thesis.
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Table 4. Basic parameter configuration for VSG control simulations.

Parameters Symbol Value
DC voltage Vie 700 V
Filter inductance L¢ 3.2mH
Filter capacitance Ce 20 uF
Filter inductor equivalent resistance T 01Q
Grid-side inductance Lg 3.2mH
Gird-side resistance R, 010Q
VSG control rated active power P, 20 kw
VSG control rated reactive power Qo 0 kVar
Grid rated angular frequency Wy 314 rad/s
Grid rated voltage amplitude E, 311V
Moment of Inertia J 0.01
Damping coefficient D 6

3.1 VSG control modelling

According to the principle of VSG (Meng, X. et al., 2019), the rotor mechanical equation of

VSG can be expressed as:

dw Pm Pe

where J is the moment of inertia, w and w, are the real output and reference angular

frequency respectively, Ty, is the mechanical torque, Ty is the electromagnetic torque.

Modelling the frequency modulation characteristic equation of a synchronous generator, also

known as the droop equation:
Pm = Prer + kp(wo - w) (32)
where P, is the rated active power and k,, is the droop factor.

The association of equations 31 and 32 gives

w _ipref-l'kp(a)o_(‘))_Pe_D(w_wo)
_]s W Js

+ wy (33)
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which could deduce the control block Figure 12.
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ref
o + +$Pm *w : + o W
o @5 {T]
o 1 7
Fo

Figure 12. P-f control block diagram.

The droop control equation for the reactive-voltage regulation characteristic is a simple
droop characteristic and can be expressed as

1
E=E,+ K_V(Qref - Q) (34).

The Q-E control block diagram can be shown as Figure 13, E is the VSG output voltage
amplitude, E,, is the grid rated voltage amplitude, K, is the reactive power-voltage regulation

factor, Q and Q,..¢ are out put reactive power and rated output reactive power.

0 — 1Lt E
Ky
_1_
+ iwa En

Figure 13. Q-E excitation control.
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3.2 Voltage and current closed loop control modelling

The total control loops of the VSG inverter including decoupled voltage and current closed
loop could be shown as Figure 14. The decoupled voltage and current closed loop control

can be obtained in the same way as chapter 2.2.

Figure 14. Control loops of the VSG inverter. (Wang, M. et al., 2025)
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4 Control strategies simulation results

In this section, GFMI with droop control and virtual synchronous generator control and
GFLI simulations are designed and operated in Simulink to prove the effectiveness of the

control methods.

The parameters for three simulations could be found at Table 3 and Table 4. The parameters
for GFLI are consistent of Table 3. For the control blocks, the GFMIs have voltage-current
closed-loop control blocks and their specific control strategies, while the GFLI has only

current closed-loop control.

4.1 Grid-forming inverter with droop control simulation

In this section, the inverter is connected to a load with active power set to 15kW and reactive
power set to 5kVar, and a grid with voltage amplitude of 311V and frequency of 50Hz is
connected through a breaker. The breaker closes in 0.5 to 1 second. The parameter settings
as well as the control block diagrams are referred to the earlier chapters of this thesis.

4.1.1 Output power of droop control

From Figure 15, it can be seen that the inverter islanding mode outputs 15 kW of active
power and 5 kVar of reactive power according to the local load demand, and after switching
to the grid-connected mode at 0.5s, the output power of the inverter becomes 20 kW of active
power equal to the droop-control reference value and the reactive power is close to 0 kVar.
At 1s, the breaker disconnects, and the inverter resumes islanding mode. This proves that it
is able to output and maintain a good steady state performance according to the set power
reference value with the droop control. The active and reactive power fluctuates briefly
during the closing transient but quickly returns to the steady state level within a few hundred

milliseconds.
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Figure 15. Active power and reactive power diagram in droop control.

4.1.2 Dynamic response and waveform quality of droop control

From Figure 16, it can be observed that the GFMI can quickly stable the output voltage and
current after the circuit breaker closes at 0.5 s due to its direct proportional droop action. The
voltage and current waveforms remain close to sinusoidal waveforms and transition

smoothly before and after connecting to the grid.

Figure 16. Voltage and current waveform of droop control.
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4.1.3 THD of voltage and current waveform of droop control

Figure 17 and 18 show the frequency distributions and total harmonic distortions of the

output voltage and current of the GFMI with the fundamental waveform set to 50 Hz. Both

of two waveforms’ THD are around 0.16% which indicates that the droop control combined

with the voltage and current closed-loop control is effective in reducing harmonics and

providing high quality power.

Fundamental (50Hz) = 310.9 , THD= 0.16%
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Figure 17. Droop control voltage waveform THD.
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Figure 18. Droop control current waveform THD.
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4.2 Grid-forming inverter with VSG control simulation

In this chapter, based on the VSG characteristics, it will be verified that the inverter is able
to respond accordingly with buffer when the grid state changes, i.e., the VSG-based GFMI
can automatically adjust the active and reactive power injected into the grid with the changes
of grid voltage frequency and amplitude, and provide the corresponding voltage and
frequency support to the grid.

4.2.1 VSG performance under frequency disturbance

The drop in grid frequency by 0.2 Hz in 1-3 seconds is modelled. According to Figure 19,
Figure 20, and Figure 21, it can be observed that the output active and reactive powers
comply with the set values during 0-1 seconds, and when the grid side frequency decreases
by 0.2 Hz, the system increments the active power to about 22.7e3 W to maintain the grid
stability, while the reactive power remains essentially unchanged. This is in accordance with
the VSG active frequency regulation characteristics.

x10*
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Figure 19. Active power and reactive power diagram in VSG control frequency
disturbance.
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Figure 21. Frequency disturbance of the grid.

The THD of the output current waveform graph is 0.1% as shown in Figure 22, with high

power quality, which satisfies the requirements for grid connection.
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Fundamental (50Hz) = 42.85 , THD= 0.10%
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Figure 22. VSG control current waveform THD under frequency disturbance.

4.2.2 VSG performance under voltage disturbance

In addition, it can be observed that the inverter output reactive power changes when the grid
voltage is changed. According to Figure 23, Figure 24, and Figure 25, it can be verified that
when the grid voltage is set to drop by 0.2 pu at 1s, the system injects about 19 kVar of
reactive power to stabilize the grid. The injected reactive power compensates the grid voltage
and restores it to a certain value, in this case about 292 V, which is still differential regulation

even though it is lower than the 249 V after the 0.2 pu drop.

Figure 23. Active power and reactive power diagram in VSG control voltage disturbance.
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Figure 24. Voltage and current waveform of VSG control voltage disturbance.
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Figure 25. Output voltage amplitude of VSG control voltage disturbance.

The THD of the output current waveform graph is 0.1% in this case as Figure 26, with high

power quality, which also satisfies the requirements for grid connection.
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Figure 26. VSG control current waveform THD under voltage disturbance.

4.2.3 Further improvement on VSG performance under voltage disturbance

According to the mathematical modelling and simulation results, when VSG responds to
grid voltage drop through the reactive power-voltage droop characteristic, although it can
quickly boost the reactive power output to support the voltage, the grid voltage will still have
a fixed deviation in steady state because it only relies on the proportional regulation
mechanism (differential regulation), which is a characteristic of the traditional droop control.

However, in scenarios such as microgrid islanding operation or weak grids that require high
voltage accuracy, it is crucial to introduce a non-differential regulation mechanism. This
thesis puts into consideration the continuous accumulation of voltage deviation and dynamic
correction of the droop parameter through the integral control, which gradually eliminates
the steady state error and ultimately forces the voltage to return to the original set value

accurately.

The implementation can be achieved by embedding an integral term in the droop control
equation or by adding a PI controller to the reactive power droop control module to achieve

non-differential regulation.
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After the integration term is added, the output voltage amplitude is as Figure 27, and it can
be observed that the output voltage amplitude can basically reach the original set reference

voltage of 311V when stabilising after the grid voltage drops by 0.2pu.
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Figure 27. Output voltage amplitude of improved VSG control.

4.3 Grid-following inverter simulation

In this section, the simulation of GFLI is built in Simulink as a comparison. All the parameter
settings of the system in it are the same as Table 3, and the control structure includes only
the current closed-loop control.

4.3.1 Dynamic response and waveform quality of GFLI

As GFLI depends on the grid as a control reference, it can only be built in the grid-connected
state for 0-2s of the simulation, and its active power has been kept near the reference value
of 20 kW, while the reactive power is slightly above 0 kVar as in the case of the GFMI. This
indicates that the GFLI simulation complies with the characteristics of following the grid
and satisfies the grid power demand. The output active and reactive power of GFLI can be

shown as Figure 28.

38



T
P
20000 Q[
15000 N
10000~ n
5000 N
~ - — —
D_ —
I I I I I I I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Figure 28. Active and reactive power of GFLI.

4.3.2 Active and reactive power output of GFLI

In Figure 29, the voltage and current waveforms of the GFLI also follow the grid phase, but
there is no active regulation of the voltage and frequency due to the use of closed-loop
current control only. The inverter relies on the voltage reference provided by the grid; thus,
its output voltage waveforms are vulnerable to fluctuations or harmonics at the grid side.
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Figure 29. Voltage and current waveform of GFLI.

4.3.3 THD of voltage and current waveform of GFLI

As shown in Figure 30 and Figure 31, the voltage and current THDs of GFLI reach 2.61%
and 1.94% respectively, which are both much higher than the 0.16% of GFMI and the
frequency distribution are not satisfactory, even though they are in the range of relatively
good waveform quality. This difference indicates that the GFLI is greatly affected by grid-
side disturbances in terms of power quality, making it difficult to actively suppress

harmonics.
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Figure 30. Grid- following inverter voltage waveform THD.
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Figure 31. Grid- following inverter current waveform THD.
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4.4 Results comparison between GFMI and GFLLI.

The above experiments verify the grid-connection and off-grid capability of the droop
control inverter and the active-reactive characteristics of the VSG control. From the above
figures, it can be concluded that the droop control GFMI can achieve fast and stable output
current and voltage after the system is connected to the grid, and its waveform is close to the
ideal sinusoidal waveform, and the active and reactive outputs can be adjusted independently
according to the deviation of the grid voltage and frequency, which ensures that high quality
of the voltage and current can be maintained in the operation of the weak grid or the islanding
operation. VSG control GFMI adds the inertia and damping coefficients on the basis of droop
control, so that the output voltage and current do not drop suddenly when facing grid
fluctuations, further simulating the internal characteristics of synchronous generators. GFLIs,
on the other hand, rely mainly on the PLL to track the grid voltage phase during grid-
connected operation and inject current into the grid through closed-loop current control,
relying more on the reference provided by the grid. Once the grid voltage fluctuates or has

harmonic components, the output voltage and current waveforms are easily affected.

Meanwhile, the output waveform THDs of the droop control and VSG-controlled GFMI are
around 0.16% and 0.1%, respectively, which are much lower than the common grid-
connected standards. In contrast, the voltage and current THD patterns of the GFLI show a
THD of about 2.61% and 1.94%, respectively, which is attributed to its lack of active
suppression of grid-side harmonics and voltage fluctuations, resulting in more pronounced

voltage and current waveform distortions.

In summary, the droop control based GFMI with droop control and dual closed-loop
structure not only achieves the set power reference in the grid-connected mode but also
continues to provide stable active and reactive power to the loads after disconnecting from
the grid. The VSG adds virtual inertia and damping coefficients which further mimic the
inner characteristics of a synchronous generator. In contrast, the GFLI can also maintain a
set power output in grid-connected mode, but it relies on the external grid to provide voltage,
and frequency references and requires additional conditions to operate off-grid. These
factors make GFMI a more flexible and adaptable solution for microgrids, weak grids and

large renewable energy applications.
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5 Conclusions

In this thesis, the control strategies and performance of GFMI and GFLI are systematically
investigated in the context of high- penetration renewable energy and microgrid applications.
The aim of this study is to evaluate the effectiveness of different GFMI control strategies in
high penetration renewable energy and microgrid scenarios by mathematically modelling
the main investigated control strategy and simulating and comparing GFMI and GFLI
performance. The results show that the GFMI with droop control is able to provide stable
voltage and frequency support in both on-grid and off-grid modes, which is in line with the
original objectives. The VSG control as an advanced droop control further mimics the
synchronous generator by adding virtual inertia and damping factor and addresses the low
system inertia problem due to the large number of power electronic components accessed.

By designing and validating the mathematical model of droop control and VSG control and
simulating GFMI and GFLI respectively, the output and functionality of three inverters are
analysed and compared. GFMI with droop control was designed with dual closed loop
control. It can independently maintain voltage and frequency stability in off-grid mode and
effectively track the set power output in grid-connected mode. GFMI with VSG control
achieved inertia characteristic. The results output power could effectively suppress the
impact of sudden changes in grid state on the system. GFLI can only operate in grid-
connected mode and lacks the ability to independently support voltage and frequency,
making it difficult to adapt to weak grid or islanding scenarios. The performance of GFLI is

also weaker than GFMI in terms of power quality as measured by THD values.

In addition, to address the existing limitation of VSG control, i.e., reactive voltage regulation
is unable to achieve voltage restoration to the set value, this thesis proposes a incorporate
integral control to ensure output voltage stability in a further extent, so that the VSG control

method can be better applied to high-precision demand scenarios.

The research results in this thesis not only enrich the theoretical foundation of microgrid and
distributed power control strategies but also provide feasible technical applications for real
world practice. GFMIs preserve power quality and system stability in both grid-connected

and islanded modes, making them suitable for systems with high renewable penetration. In
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contrast, GFLIs feature a simpler architecture and lower cost and are therefore best applied

in strong grid-connected settings that do not require additional voltage or frequency support.

It is worth noting that the simulation analysis in this thesis is based on a certain degree of
model assumptions, which has not been verified with real microgrids, and the interaction
effects of parallel operation of multiple GFMIs have not been explored in depth, which
cannot fully reflect the complexity of multiple inverters working together in large-scale
microgrids, which will constitute a direction for future work. Moreover, although VSG is
regarded as a more advanced control strategy compared to conventional droop control and
addresses the problems of low inertia and underdamping to a certain extent, there are still
some problems that need to be solved, such as the development of centralised control for the
distributed control characteristics of VSGs, the development of more accurate models for
the adaptation of VSG parameters, and how to evaluate VSG performance and put it into

commercial use.
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Appendix

Appendix 1

syms r L_f C_f omega theta t real;

A abc = [-r/L_f, @, B, -1/L f, 09, 0;
e, -r/L f, @, o, -1/L_f, 0;
@, @, -r/L T, @, @, —lfL_f}

1/c f, o, B, 0, B8, 0;
@, 1/c_f, o, 0, 0, @;
e, e, 1/c_f, o, o, @];

B abc = [0, @, @, 1/L f, 8, 0
@, 9, 8, 0, 1/L f, o;
@, ©, 8, 0, @, 1/L f;
-1/c_f, o, @, 0, 0, 9}
e, -1/Cc_f, 0, @, 8, 0;
e, @, -1/C_f, o, o, 0];

T clarke = sgrt(2/3)* [1, -1/2, -1/2;
0, sqrt(3)/2, -sqrt(3)/2;
1/2, 1/2, 1/2];

T_park = [cos(theta), sin(theta), ©;
-sin(theta), cos(theta), @;
0, 9, 1];

T clarke_6x6 = blkdiag(T_clarke, T clarke);
T park 6x6 = blkdiag(T_park, T_park);

A _dqe = T _park 6x6 * T_clarke 6x6 * A_abc * T _clarke 6x6" * T park 6x6";
B dge = T_park 6x6 * T _clarke 6x6 * B_abc * T_clarke 6x6' * T _park 6x6";
A_dq = A dge([1, 2, 4, 5], [1, 2, 4, 5]);

B_dq B_dge([1, 2, 4, 5], [1, 2, 4, 5]);

disp('A_dq (4x4 matrix in dq coordinates with omega):');
disp(A_dq);

disp('B_dq (4x4 matrix in dq coordinates):');
disp(B_dq);

A dq = simplify(a_dq);
B_dgq = simplify(B_dq);

disp('Simplified A _dq:');
disp(a_dq);
disp('simplified B _dq:"');
disp(B_dq);
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