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ABSTRACT. This paper presents a novel secondary control method for voltage regqulation
in islanded microgrids. Firstly, a large-signal dynamic model of a multi-input multi-output
nonlinear system based on a virtual synchronous generator is established, and the multi-
input and multi-output nonlinear system is transformed into a completely linear system by
means of feedback linearization. The microgrid secondary voltage control is transformed
into a linear second-order tracker synchronization problem by feedback linearization. Lin-
ear quadratic requlator (LQR) reduces state trajectory deviations with minimal control
effort due to their high performance and robustness. The proposed control scheme main-
tains voltage stability while providing inertia and damping for the microgrid. Finally,
the proposed control strategy is evaluated through simulations to demonstrate the effec-
tiveness and robustness of the controller under severe load disturbances, and the results
are compared with existing PI controllers.

Keywords: Virtual synchronous generator, Exact feedback linearization, Microgrid,
Linear quadratic regulator

1. Introduction. The main reason for the ongoing energy transition process in the glob-
al economy is the need to protect the environment, especially the climate. Raising public
awareness of the destruction of the Earth’s ecosystems and technological developments
has increased the importance of renewable energy sources as increasingly replacing tradi-
tional energy sources. In addition to the environmental aspects, renewable energy offers
countries without traditional energy the opportunity to gain greater energy independence
and the ability to produce energy. These factors have prompted increasingly decisive ac-
tion by individual countries and groups to develop renewable energy. The development of
renewable energy is a necessary and indispensable process for the sustainable development
of individual countries, world regions and even the entire earth [1]. However, the inertia
of modern power system decreases with the higher penetration of inverter-connected re-
newable energy sources and loads. This leads to a low inertia power system that is more
sensitive to disturbances and may not be robust enough to survive large disturbances [2].

In terms of power system stability, the inertia means the ability to maintain rotor
speed, and frequency under disturbances. In general, the low inertia of power systems
will have impact on two key aspects. First, lower inertia results in poorer frequency
nadirs when disturbed. If there is not enough kinetic energy to keep the frequency stable
at a level, this can lead to large frequency deviations and can be harmful to both the
generator and the consumer. In addition, lower inertia results in higher rate of change
of frequency, which triggers the active protection system to trip and generate electricity
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[3]. Therefore, it is urgent to save a source for virtual synchrotrons generator (VSG)
to compensate for the reduction in conventional sources and keep on the frequency and
voltage stability. The main idea of VSG is that an energy storage system with a converter
is required to simulate virtual inertia, just like a conventional synchronous generator. VSG
can support microgrid operation in island mode to maintain grid frequency when load
suddenly changes. [4] proposed a VSG with superconducting magnetic energy storage,
which has a faster response speed compared with other energy storage systems. The
proposed method provides inertia to modern power systems during unpredictable events
and improves frequency and voltage responses. [5] introduced a method to improve island
grids with multiple virtual synchronous generators (VSGs) in operation by controlling the
input power of the VSG to suppress power fluctuations and reduce the oscillation of the
VSG with respect to the system frequency.

The current small-signal models of inverters that mimic synchronous generators usually
use the steady-state equation of feeder line and load, and ignore the dynamic character-
istics of voltage and current controller of inner loop [6-8]. Global stability is an essential
requirement in complex networks. In order to improve the global stability of the controller,
it is necessary to establish a large-signal dynamic model for the system [9]. Nonlinear sys-
tems can be transformed into linear systems using input-output feedback linearization,
which makes it easy to apply well-established linear control techniques to stabilizing the
transformed system [10,11]. Robustness is necessary for the stability of a system [12].
After getting a new linear state space model of microgrid. The high performance and
robustness of the linear quadratic regulator (LQR) controllers ensure the ability to re-
duce the deviations in state trajectories with minimum control effort [13-15]. The partial
feedback linearization scheme is used to simplify the multi-machine power system [16].
By combining an exact linearization approach and LQR, [17] proposed a novel full-order
nonlinear observer-based excitation controller design for interconnected power systems. In
order to improve the transient stability of the multi-machine power system, the nonlinear
excitation controller design proposed in [18], combined with partial feedback lineariza-
tion combined with LQR, designed a linear state feedback stabilization controller for the
reduced-order linear part. We use LQR to generate optimal parameters of robust nonlin-
ear controller for the state space model of VSG in voltage source three-phase converters
for microgrid, to realize and improve the stability and anti-interference performance of
the power system. To demonstrate the validity of the proposed control strategy design
approach, a simulation model of the island grids with a VSG is constructed.

In this work, we investigate the design of a robust nonlinear controller for virtual syn-
chronous generators in microgrids based on exact feedback linearization. In our method,
we first build a large-signal model based on a virtual synchronous generator in order to
transform the nonlinear system into a controllable canonical form. Then, the input and
output have a linear relationship through the feedback linearization method. Finally,
combined with LQR, a controller with secondary voltage control capability for the virtual
synchronous generator-based microgrid system is designed.

The rest of this paper is organized as follows. In Section 2, a large-signal nonlinear
dynamical model of VSG is introduced. In Section 3, after getting the exact linearization
of VSG model, the feedback linearization controller is obtained according to the structure
of controller. And to eliminate the voltage deviation generation and to ensure the stable
operation of the VSG, the linear optimal control theory is applied in the calculation. In
Section 4, simulation results for the microgrid are presented to demonstrate the effective-
ness of the proposed controller. Concluding remarks and suggestions for future works are
written in Section 5.
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2. A Large-Signal Nonlinear Dynamical Model of VSG. Figure 1 shows a micro-
grid control block diagram based on VSG control technology. VSG models can be found
in a number of sources. In order to make the inverter have more accurate operation
mechanism of synchronous generator, the motion equation of synchronous generator ro-
tor is added in the control part [19]. To design a feedback linearization controller, first
of all, the state space model of the system must be obtained. The distributed genera-
tion is connected to the microgrid bus by an inverter bridge, and the energy storage is
to maintain the VSG direct voltage side voltage constant that is Vg.. In order to filter
out the effect of high frequency switch on power quality, an LC filter is connected at the
inverter output. The mathematical model of the VSG can be formulated as shown in the
mechanical part and electrical part. To simulate better the characteristics of synchronous
generator, the mechanical part is added in frequency for the inverter bridge. And the
electrical part is added to control the voltage amplitude. The selected system state space
variable determines the system linearization model by feedback linearization, and controls
the output voltage magnitude of the VSG. Then voltage and current dual-loop control
ensures voltage stability tracking control performance at inverter outlet [20,21].

o BUS I
Distributed [~ ”| Energy d J
Generation Storage

Voltage and Current
Dual-loop Control
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Power
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Nonlinear
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F1GURE 1. Block diagram of a VSG-based MG

In Figure 1, 4 is the deviation of the rotational angular frequency w of the VSG from
the rated angular frequency wy. D is the virtual damping constant. J is the virtual rotor
momentum of inertia constant. P,y is the initial set-point of active power. p and ¢ are
the instantaneous power. The mechanical dynamics equation of VSG is as follows:

9 =W — WN (1)
D 1
w=——(w-wn)——=(Tc =T 2
> (W) = = (T. = Ty) ¢
where T, is the virtual mechanical torque which is assumed to be constant which can be
calculated by the initial set-point of power: P, and T is the virtual electromagnetic
torque delivered by active electrical power of the generator. The relationship between
torque and active power is as follows:
Pref

Ty = w— (3)
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Te = (4)

where P is the output reactive power of the VSG. To obtain a state space model of the
VSG system, each control loop is designed in its dq coordinate system. The dynamic
equation of the electrical part of the VSG is as follows:

E=U—-n(Q — Qry) (5)
where E is the output voltage magnitude of the VSG. U is the control input. n is the
droop proportional control gains. () is the output reactive power of the VSG, and Q. is
the initial set-point of reactive power. P and () can be obtained via a first-order low-pass
filter as follows:

P = —weP + wloilog + welogLog (6)
Q = _WCQ + choqud + chodqu (7)

where P is the active power of the VSG, and w, is the cut-off frequency of active power
low-pass filter. U,q, U,, are the direct and quadrature components of VSG’s output
voltage. Io4, I,, are the direct and quadrature components of VSG’s output current.

ﬁ't — Pl —+ I—Zd»+ Pl E,Oi%- UZd
ol Tl
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Q’FH Pl —+" Izqtli Pl —4f UZ,
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FI1GURE 2. Voltage and current control with PI controllers

Figure 2 shows the synchronous reference frame control of the voltages and currents
using the PI controllers. In this figure, the voltages and currents are expressed in the syn-
chronous reference frame using transformation [21]. The dynamical models of the voltage
controller are written as

I} 4= loa + Kpy (Uyy — Usq) + Kiyihg — wpCrUsg

g _ ., (8)
- Von = U

and
I}, = log+ Kpu (Us, — Usg) + K1vtog + wCUsq

Wy ey (9)

dt - Yoq oq
where 14 and 1), are the auxiliary state variables defined for PI controllers. wy is the
nominal angular frequency. The three-phase voltage output by the VSG is in the rotating
coordinate system, the direct-axis component is the peak value of the phase voltage, and
the quadrature-axis component is zero. Thus, the Uy, is equal to £, and the U;, is equal
to 0. (Y is the capacitance value of LC filter. Kpy and the Ky are the PI controller
coefficients. The dynamical models of the current controller are written as
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Uty = Usi+ Kpr (I} — Ia) + Kipvya — we Lyl

Tt

and
Ury = Usy + Kp1 (Izq —1Ipg) + Kpyg +wyLplpg

B _ g (1
dt — e Tha

where 74 and v, are the auxiliary state variables defined for PI controllers. The I}, and
I7, are the direct and quadrature components of inverter bridge output current. Ly is
the capacitance value of LC filter. Kp; and the Kj; are the PI controller coefficients.
By choosing the inductor current of the filter circuit, the capacitor voltage and the filter
circuit output current as state variables, and according to Kirchhoff’s law and coordinate
transformation, the differential equations of the output LC filter and the output connector
can be written as

(. R 1
Iri= =7 Tra+ 7 (Ura = Uoa) + wlig
f f
R 1
Ig = _L_;ILq + L_f (Urg = Usg) — wlLa
1
Uod Wqu + C_ ([Ld [od)
; (12)
qu = _WUod + ?f (]Lq - [oq)
. R, 1
[od - _L_c od + wjoq + L_c (Uod - Ubd)
. R, 1
Iog = Tog — wlog + — (Usg — Upy)

\ L L.

where Ry is the total equivalent impedance representing the inductance, line impedance
and losses generated during switching of the power tube. R. and L. are the output
impedance, U,y and Uy, are the direct and quadrature components of system output
voltage.

3. Feedback Linearization Controller. In order to design the proposed feedback lin-
earizing controller, it is necessary to achieve the feedback linearized models. To do this,
the dynamics of VSG in the microgrid, as represented by (1)-(12), it is a nonlinear system.
The general form of the nonlinear system can be written as

&= f(z) +g(x)u (13)

where z = [ w P Q vYa Yy Ya Vg Ira Ing Usa Usq Ioa Iog }T are smooth vec-
tor fields that are associated to states and w is the input vector. The feedback linearization
of the model determines the efficiency of the controller of the microgrid power conversion
system, and the feedback linearization characteristic is determined by the relative num-
ber of the system, which is determined by the output function [20]. The output function
y = h(z) should be selected in such a way that r = n. For the mentioned system, the
output function is chosen as

y = h(x) = Usq (14)
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The mathematical model of the nonlinear system can be linearized using feedback
linearization when some conditions as described latter are satisfied. Consider the following
nonlinear coordinate transformation

z=¢(z) = [ h(xz) Lgh(x) --- L;‘lh(x) } (15)

where r < N is the relative degree corresponding to output function h(z), and Lh(z) are
the Lie derivative [18] of h(x). z and x are the vectors of the same dimension and ¢ is
the nonlinear function of x. Now, by nonlinear coordinate transformation, the original x
states are transformed into z states. The control input has a state feedback component,
the Lie derivates are given by the following equations:

Lyh(e) = 28 g0y — o (16)

and
Loh(@) = 29 f(2) = i, + & (= I (7)

and
LoLshta) = 25 g(a) = LT 20 (18)

where L,L¢h(x) is the Lie derivative of L;h(z) along g(x). From the above calculation, it
is clear that the relative degree of the system is equal to the order of the system which is
2. Thus, the system is exactly linearizable. The direct coordinates transform is expressed
as follows:

{ % =29 = Lsh(x) (19)
2y =v = Lih(x) + LyLsh(z)u
The linearized system can be expressed as follows
2= Az + Bv (20)
where
A:{gé}, B:H] (21)

To determine the input variable v in (19), v is the “control” input of the linear system
of the Brunovsky normal form, so the most reasonable way is using the linear optimal
control design method with the quadratic performance index (LQR method) to produce
the v. In the linear control system (20), matrices A and B satisfy the following condition,
namely the matrix: D =[ B AB | has rank 2. This condition means that the system is
controllable. The performance index of the system is quadratic.

1 [ ~
J=5 / (ZTQZ + VTRV) dt (22)
0
where Q is a semi-positive definite weighting matrix, and R is a positive definite weighting

matrix. The problem can be granted as obtaining the state feedback vector
v=ov(Z({t)=v(zn 2 ) (23)

which is able to make the performance index J reach its extremum. This is called the
LQR problem. When the system is disturbed by the outside world and deviates from the
zero state, there is a control v, so that the system target function v to the minimum, then
the v is called optimal control. The LQR problem is a constrained variational problem,
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that is, to find the extremum conditions of the functional J shown in (22). The tracking
voltage error of the VSG can be defined as follows:

e(t) = Z(t) — Zg(t) (24)

where Zg(t) = [Vre ,me}, Vier 1s the target voltage reference. The optimal control is

v=—R'BTPe(t) = —K(Z(t) — Zg(t)) (25)

where P is the solution of Riccati equation and K = [ ki ko } is the linear optimal

feedback gain matrix. In order to get the values of P and K, the Riccati algebraic equation

needs to be solved:
PA+ ATP - PBR'BTP+Q =0 (26)

By choosing the weighting matrices Q and R, the value of K can be calculated. There-
fore, by using the value of L,Lh, Lfch and v, the control law can be simplified as

~L3h(z) = by (51 = Vi) = b (22— Vi)
Lo L h()

(27)

u =

4. Simulation Results. Simulation results for the microgrid system were performed
using Matlab/Simulink to demonstrate the effectiveness of the system under consideration
using feedback linearization controllers, as described in previous sections, for microgrids
designed using VSG. The frequency variation, active and reactive power output variation,
voltage and current variation of microgrid VSG system under load variation are mainly
analyzed. V. is the DC side voltage, and the V,,,, is the rated line voltage of the system.
The parameters of the large single model system is shown in Table 1.

TABLE 1. System parameters

Parameter | Value Parameter | Value
Ry 0.01 Q Vims 380 V
WN 314 rad/s Vie 800 V

J 0.1 Ly 1.6 mH
D 4 Cy 700 pF

R, 0.005 Q2 L, 1 mH
P 8000 W Qref 6000 Var
We 70 n 0.003167

The system is in the simulation initialization stage from 0 to 0.2 s, and only the local
control system of the inverter is put into operation. At 0.2 s, the system starts to run the
control algorithm based on the precise feedback linearized controller. At 0.5 s, the system
has a large load connected, and at 1 s, part of the system load is removed. In order to
verify the effect of the proposed controller when the load changes after the microgrid is
connected. The simulation results are as follows.

Figure 3 shows the change of system frequency in a single VSG microgrid system
when the active and reactive loads change simultaneously after the feedback linearization
controller is connected to the system at 0.2 s. It can be seen that when the load changes
at 0.5 s and 1 s, the frequency change of the system has obvious inertia. The dynamic
process is smooth and the oscillation is small, which effectively improves the inertia of the
system frequency. Due to the small capacity of the designed system, apparent power is
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FIGURE 4. Variation diagram of frequency when the value of J is different

10000 VA. When the load changes, the VSG control method keeps the frequency within
the range of 50 £ 0.5 Hz. So the frequency fluctuates within the permissible range.

In order to verify that VSG can change the inertia of the system by adjusting J, and
change the damping of the system by adjusting D, as shown in Figure 4 and Figure 5, the
larger the J, the greater the inertia of the system, and the longer it takes for the system
frequency to have the same change. The larger the D is, the greater the system damping
is, and the smaller the frequency change is when the load power has the same change.



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.18, NO.4, 2022 1141

50.3

50.2

—D
—D
D

1o n
[ )JN& N

49.5 ‘ ‘
1.5

o
o
(6)}
-y

T/s

FIGURE 5. Variation diagram of frequency when the value of D is different

15000 - \_ -

T

10000 5

P/W

5000 - 7

Tls

FIGURE 6. Variation of active power and reactive power

Figure 6 exhibits the system power change process when active and reactive loads are
added at 0.5 s and then reduced at 1 s. It can be seen that at 0.5 s and 1 s, after the
load changes, the variation diagram of active power and reactive power is a smooth curve,
indicating that the control strategy can provide enough inertial support capability for
the system. It can be seen from Figure 7 that under the feedback linearization control
strategy, when the load changes, the voltage waveform remains basically unchanged, and
the current waveform changes rapidly. This shows that the system can keep the voltage
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stable when the load changes, so the robust nonlinear control for VSG based on exact
feedback linearization has better robustness.

In order to verify the effectiveness of the proposed control method, a comparative test is
carried out with the secondary voltage control regulated by the PI controller. The results
of the comparison experiment are shown in Figure 8, and it can be clearly seen that the
proposed control algorithm is more robust when the load suddenly increases by 300%.

5. Conclusions. In order to simplify the nonlinearity of VSG large signal model, this
paper adopts Lie derivative to linearize the state feedback of VSG large signal model. The
resulting linear model preserves the input and output characteristics. When the nonlinear
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power system is completely linearized, a linearized controller is designed. Simulation
results show that this strategy can improve the inertia of system output frequency and
make the dynamic process smoother. Because LQR is used to obtain the linear optimal
feedback gain matrix, it provides robustness to external disturbances. Furthermore, the
controller eliminates the disturbance and uncertainty in system parameters which affect
system performance. Future work will focus on designing coordination control strategies
for multiple VSGs in microgrids.
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