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Abstract—With the integration of more and more power
electronics devices into the grid, it is not easy to guarantee the
stability of the whole system due to the complexity of the control
structure of various power converters. In this paper, we consider
grid-forming and grid-following converters in one microgrid,
in which the grid-forming converters support the voltage and
frequency of the microgrid and the grid-following converters
inject their maximum power into the microgrid. To handle the
stability issue, the passivity principle is applied to guarantee
the stability of the whole microgrid. We ensure every grid-
following converter satisfies the passivity via the port-controlled
Hamiltonian method. In addition, we apply the passivity-based
proportional-resonant controller to the grid-forming converter.
One of the advantages of the proposed method is that the phase
lock loop system is eliminated, which may cause stability issues.
Simulation results show that the proposed method can control
the microgrid effectively.

Index Terms—Grid-forming, grid-following, microgrid, passiv-
ity, port-controlled Hamiltonian.

I. INTRODUCTION

Increasing the penetration level of renewable energy sources
such as solar photovoltaic (PV) and wind in the grid is
an upward trend due to the goal of emissions reduction.
Renewable energy sources are commonly integrated into the
grid via power electronics devices, namely voltage source
converters (VSCs). The control of VSC can be classified
into two categories, namely grid-following control and grid-
forming control [1]

Most renewable energy-based VSCs are operated in a grid-
following mode to follow the frequency and voltage at the
point of common coupling (PCC). For the conventional grid-
following control VSCs, a phase lock loop (PLL) system is
used to synchronize VSC with the grid at the PCC. It is not
easy to guarantee the stability of the grid-following converters
in a weak grid, i.e., when the grid impedance is very high,
since the injected current and the PLL dynamics may cause
instability issues under disturbances [2], [3]. Various scholars
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analyzed the stability via linear methods based on impedance
or admittance [4]. The linear techniques indicate that the VSCs
are stable around an existing stable equilibrium point under
the disturbance. However, it is not easy to guarantee stability
under large disturbances.

To solve this issue, grid-forming controls are deployed.
Virtual synchronous generator [5], droop control [6], [7],
virtual oscillator [8], [9], and robust method [10] are used to
operate the VSCs in grid-forming controls in order to improve
stability. However, different types of grid-forming controls
lead to different stability issues in the grid [11]. A large signal
stability analysis method is presented for grid-forming and
grid-following VSCs considering disturbance (fault) by using
Lyapunov stability theory and La Salle’s Invariance Principle
[12]. It can find a stability boundary for certain operating
points of grid-forming and grid-following VSCs. However,
local stability can be guaranteed, and it is not easy to analyze
the stability of the whole system if more and more VSCs are
integrated into the grid.

To solve this issue, the passivity principle is applied to
guarantee the stability of the whole grid, where if the passive
sub-systems in the microgrid are integrated into parallel or
feedback, the entire grid is also passive and stable [13].
One of the popular methods is a port-controlled Hamiltonian
method, which is widely used in various applications to
guarantee passivity property [14], [15]. Hence, we ensure
every VSCs operating in the grid satisfies the passivity. In
this paper, we consider a small microgrid with different types
of distributed energy resources (DERs), e.g., energy storage
system (ESS), wind turbine (WT), and PV. Since grid-forming
VSCs are capable of changing their output faster to fix the
frequency of the microgrid in the case of load-shedding or
renewable DERs variation [16], an ESS is controlled in a
grid-forming mode to support the voltage and frequency of
the microgrid. Then, other renewable DERs are controlled in
the grid-following mode to inject their maximum power into
the microgrid. To satisfy the passivity requirement, we use
the port-controlled Hamiltonian method for the grid-following
VSCs to get the passivity property. In addition, to eliminate
the PLL, which may cause some stability issues, we control
the grid-following VSCs through a voltage-modulated direct
power control method, which has been successfully applied in
many applications [17]-[22]. For the grid-forming VSCs, we



use the proportional-resonant (PR) controller. Consequently,
the PLL is eliminated in the grid-following or grid-forming
VSCs. Simulation results show that the proposed method can
control the VSCs in the microgrid effectively.

II. CONTROL OF POWER ELECTRONICS BASED SOURCES

In this study, it is assumed that the ESS uses the grid-
forming control to support the voltage and frequency of the
microgrid, and the renewable DERs use the grid-following
control to inject their maximum power into the microgrid.
For the grid-forming control VSC, we use the PR controller
designed in [23] and design the outer-loop controller using
the voltage and frequency as the references to generate the
reference of the inner-loop reference. For the grid-following
control VSC, we modify the VM-DPC based on the port-
controlled Hamiltonian method. Compared with the method
in [24], the proposed method has a simple structure, which
means it can be easily implemented.

A. Grid Following Converters

For the sake of simplicity, a balanced grid voltage condition
is considered in this study. The instantaneous real power, P,
and reactive power, (), by using the line current and grid
voltage in the «-f reference frame can be formulated as
follows [25]:
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where v, o, Vo8, %00, and i, g, indicate the grid voltages
and line currents and in a—f reference frame, respectively.
Based on the dynamics of the grid-connected converter with
an L-filter [26], [27], the dynamics of the instantaneous real
and reactive powers could be obtained using the grid voltage
variations as follows:
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the grid voltage. v, o and v, g are converter voltages in a—03
reference frame, respectively. The VM-DPC control variables
can be defined to obtain a simpler model as in [28]
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Let us define two states and two control inputs as
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Then, a state-space model of GFC is formulated such as
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where y is the output of the system.

It can be seen that the system is satisfied the port-controlled
Hamiltonian form described in [14], [29]. In order to use the
port-controlled Hamiltonian system, it is supposed that there
exist signals ug4 and x4 that satisfy the system in (5) [30].

Taking a Hamiltonian function for the grid-following control
system in (5) as follows:

H(z) = %zTSx, (6)

where S is a 2 by 2 identity matrix.
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The desired dynamics can be obtained as follows:
OH (z%)
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Let’s define the error as follows:
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Then, the error dynamics can be obtained as
OH (e)
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In order to guarantee the passivity by using the port-controlled
Hamiltonian form, H(e) is taken as a Lyapunov function
candidate, then its derivative of H(e) is obtained as follows:
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where K is the controller gain, then, (10) is changed into
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In (12), R is a negative definite matrix, thus the closed-
loop system is exponentially stable if K is taken as a pos-
itive definite matrix by using the port-controlled Hamiltonian
method. Furthermore, K can be tuned for the convergence
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Fig. 1. Grid architecture with energy storage system, renewable energy sources (PV and wind turbine), and loads.

rate of the system. It should be noted that the controller
K is a proportional controller, but it can be replaced by a
proportional-integral controller in the implementation in order
to reduce errors when there exist uncertainties in the practical
system. The stability analysis of the closed-loop system with
the proportional-integral controller is omitted due to the page
limit.

From (11), it can be seen that u? is the core part of the
control input. Generally, the references of the outputs are
given or can be calculated by using the maximum power point
tracking (MPPT) control strategy for P* and the grid voltage
controller for Q*. For the sake of simplicity, it is assumed that
the references of the outputs are given in this study, i.e., y¢
is given. Consequently, the desired control input u can be
calculated by using the flatness property [31] by using (4) as
follows:
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Finally, the control input is generated by using (11) and (13).
The original input can be calculated as follows:
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that is used for pulse width modulation (PWM) to generate
the switching signals for VSC as shown in Fig. 2. Based on
the proposed method, it can guarantee the passivity of the
grid-following VSCs.

B. Grid Forming Converters

In this study, the VSC of ESS is operated at grid-forming
mode to support the voltage and frequency of the microgrid.
To guarantee the passivity and exclude the PLL system, the
controller designed in [23] is used in this study, which was
designed in the a-f reference frame. The control input of the
VSC of ESS can be generated as

U\t,aﬁ = —F(s) (iz,aﬁ - iv,aﬂ) + Hyn(s) (ic,aﬁ —iy,a8)
(15)
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Fig. 2. Control block diagram of the grid-following VSCs.

where
sKH.(s)
sCy

In (15), vy .45 is the reference voltage of converter used in
the PWM. iy op and 7, .4 are the VSC side current and its
reference in the a-f3 reference frame, respectively. ic g is
the capacitor current in the a-f reference frame. Fpg, (s) is
a general R part for a harmonic of order h, and H.(s) is a
biquad filter satisfying phase lag or lead at certain frequency.
The PR controller in (15) adds a modified active damping
with a compensation filter to guarantee passivity. The detailed
parameter selection can be found in [23]. Consequently, we
can apply another PR controller for the voltage control loop
to generate the current reference in the inner loop. The control
block diagram can be found in Fig. 3.

F(s) = acL+ Fr,(s), Hmn(s)=

III. PERFORMANCE VALIDATION

The proposed method is validated in a microgrid through
MATLAB/Simulink Simscape Electrical model. The microgrid
consists of one ESS, WT, PV, and two loads. The system
parameters used in the simulation are listed as Table I.
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Fig. 3. Control block diagram of the grid-forming VSC.
TABLE I

SYSTEM PARAMETERS IN THE CASE STUDY
Parameter Symbol Value
Nominal grid voltage Vs 230 V
Nominal grid frequency f* 50 Hz
Filter inductance of ESS Ly, 1.8 mH
Output inductance of ESS L, 1.8 mH
Filter capacitor of ESS C 27 uF
Filter inductance of PV & WT | L,,&L,: | 6 mH
Switching frequency of VSCs fsw 10 kHz

Fig. 4 and Fig. 5 show the simulation results of the case
study. At first, the ESS supports the voltage and frequency
of the microgrid when there is a load connected to the
microgrid. At 5.1 s, the WT is connected and injects the same
power as the load. Consequently, the ESS reduces its output
power to zero autonomously since the additional generation
from the WT increases the microgrid frequency as shown in
Fig. 5. After 2 seconds, the PV is connected and generates
its maximum power. Since the generation power is larger than
the consumption, the ESS starts to charge the surplus power
to keep the balance of the generation and load. Finally, at 1
s, an additional load is connected and the total load equals
the generation of WT and PV. Hence, the output power of
ESS is zero but it still supports the voltage and frequency of
the microgrid as shown in Fig. 4. In addition, the voltage and
frequency of the microgrid are controlled by the ESS without
losing stability. It can be concluded that the proposed method
can manage the microgrid effectively.

IV. CONCLUSIONS AND FUTURE WORKS

A passivity-based control of grid-forming and grid-
following VSCs in a microgrid was presented in this paper,
where the grid-forming VSC supports the voltage and fre-
quency of the microgrid and the grid-following VSCs follow
their MPPT. An advantage of the proposed method is that the
stability of the whole microgrid is guaranteed via the passivity

principle. Another advantage is that the phase lock loop system
is eliminated for instability issues. Simulation results show that
the proposed method can control the microgrid effectively.
In the future, the proposed method will be extended to all
power electronics grids in order to guarantee the stability of the
whole grid. In addition, the state of charge will be considered
to avoid the loss of the grid-forming converter in the microgrid.
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