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Abstract—This paper deals with a control technique based on inherent characteristics
of synchronous generators (SG) for control of interfaced converters with high
penetration of renewable energy resources (RERs) into the power grid, as a new
contribution to earlier studies. To present an appropriate assessment of the proposed
control technique, under dynamic operating condition, a P-Q curve is extracted and
analysed based on the different components and characteristics of the interfaced
converter as well as the conventional relationship between the active and reactive
power. By combining the swing equation of SG and the power-based dynamic model, a
Pm-Q curve is achieved and the effects of the variations of embedded virtual inertia on
virtual mechanical power are assessed. Moreover, by using small-signal linearization,
the grid frequency stability is investigated based on both virtual inertia and mechanical
power variations. In order to assess the power sharing ability of the proposed control
technique, two transfer functions are obtained and then, the impacts of variations of
virtual mechanical power on the active and reactive power of interfaced converter are
evaluated through Nyquist and Root Locus diagrams. Simulation results confirm that
the proposed control technique can guarantee the operation of interfaced converters,
based on inherent characteristics of SG, to deal with the power grid stability with high
penetration of RERs.

Index Terms—Renewable Energy Resources; Synchronous Generator; Power Grid

Stability; Virtual Inertia; Virtual Mechanical Power Error.
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I. Nomenclature

Parameters Vg Voltages of PCC

R Resistance of Grid Interfaced Converter Vde DC Link Voltage of Interfaced Converter

L Inductance of Grid Interfaced Converter Udq Switching Functions of Interfaced Converter

C DC-Link Capacitor Tge DC Link Current of Interfaced Converter

J Virtual Inertia P Active Power of Interfaced Converter

kyp &k, Proportional Coefficients of Control Components 0 Reactive Power of Interfaced Converter

kip & kig Integral Coefficients of Control Components P Power of DC link current and d-Component Voltage
012} Angular Frequencies of Low Pass Filter P. Power of DC link current and q-Component Voltage
o2 Control Factor of Active Power Ppq Power due to d-Component Voltage

b2 Control Factor of Reactive Power Ppaq Power due to d and g-Component Voltage
Abbreviations P, Virtual Mechanical Power

RERs Renewable Energy Resources [0} Angular Frequency

DSC Double Synchronous Controller AP Active Power Error

PMSG Permanent Magnet Synchronous Generator 40 Reactive Power Error

VMPE Virtual Mechanical Power Error AP, Virtual Mechanical Power Error

Vi Virtual Inertia Adw Angular Frequency Error

LPF Low Pass Filter P’ Reference Value of Active Power

PCC Point of Common Coupling o Reference Value of Reactive Power

Variables P, Reference Value of Virtual Mechanical Power

idg Interfaced Converter Currents o Reference Value of Angular Frequency

I1. Introduction

Integration of large-scale renewable energy resources (RERs) into the power grid offers
several benefits i.e., economic and environmental issues. Meantime, it also raises
different technical challenges regarding the grid stability and reliability due to the high
variability, unpredictable fluctuation and intermittent characteristic of these sources [1-
2]. Generally, RERs are connected to the power grid via power electronics converters,
which the lack of inertia in these converter-based power generators, besides their
peculiar transient dynamics behaviour, increase their negative impacts on the power grid
stability, just the opposite of the operation of synchronous generators (SGs).
Consequently, the operation of converter-based generators should be controlled with
some specific functionalities based on inherent characteristics of SGs; thus, successfully
reaching their high penetration level in the power grid. Therefore, designing an
appropriate control technique for control of interfaced converters to deal with the
stability issues of power grid has been regarded as one of the main tasks between
scientists in power and energy societies [3-4].

Various control targets such as the accurate power sharing and grid voltage regulation
have been considered in a large-scale integration of microgrid or multi-distributed

generations (DG) connections for achieving a stable performance [5-6].



In addition, along with revealing the challenges of high penetration of RERs into the
power grid [7-8], several control strategies have focused on improving the stability of
grid frequency and voltage magnitude. For this reason, several studies have been
reported in the literature regarding the emulation of SGs characteristics by power
converters [9]-[19].

Reference [9] has presented a complete review associated with the main concepts of
virtual SGs and their ability at controlling the power grid with the high level of DGs
penetration. A coordinated control-based energy storage system combined with virtual
SGs has been proposed in [10] to provide emulation of SG for power converters.
Numerical simulations have been used in [11] to illustrate a specific virtual synchronous
machine-based concept along with its related mathematics for controlling power
converters in smart grid application. A generic model has been proposed for a two-stage
grid-connected PV system that is able to provide both droop-based response and inertia
emulation and a linearized small-signal model for evaluating stability of the proposed
PV power control loop [12]. As it has been known that the lack of inertia leads to
deteriorating the operation of traditional grid-connected current control with high
penetration of RERs, reference [13] has investigated the dynamics abilities of the droop
control and virtual synchronous generator (VSG) by the use of small-signal models and
finally an inertial droop control strategy has been proposed based on this comparison.

In the way of emulating the inertia of SGs [14], reference [15] has proposed a control
technique based on a generic inertia emulation scheme to provide stable operation for
multi-terminal voltage-source-converter (VSC)-based high voltage direct current
(HVDC) systems. Based on a virtual inertia (VI) control, performance of the PMSG has
been compared with a doubly fed induction generator-based wind power system in [16]
and also two control strategies based on the dynamic and adaptive fuzzy-based schemes
have been proposed. In reference [17], the inertia constant, DERs frequency droop
coefficient and the load frequency controllers’ parameters have been modelled as a
multi-objective optimization and finally solved by multi-objective optimization
algorithm. To develop SG-based controllers [18], reference [19] has designed a
synchronverter-based control technique for HVDC application.

This paper firstly proposes a dynamic model based on the active and reactive power
of the interfaced converter. Then, the proposed model is used to be combined with the
SG swing equations for designing a control technique based on emulated behaviours of

SG in power grid.



In fact, the proposed control technique presents a new model of power electronics-

based SG to guarantee a stable operating condition for the power grid with high

penetration of RERs, which is the main contribution of this work over the other existing

works in this area.

This paper is organized as the following steps. The power-based dynamic model, the

proposed SG-based control technique, and the P-Q curve and its related discussions are

presented in section III. The Pwn-Q curve is presented in sub-section IV. A. Also,

evaluation of the grid frequency variations based on virtual inertia, virtual mechanical

power, and interfaced converter specifications is given in sub-section IV. B. In section

V, the effects of virtual mechanical power error on the active and reactive power of the

mterfaced converter are assessed. Simulation results are discussed in detail in section VI

and conclusio

n is given in section VII.
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III. Presentation of the Proposed Control Strategy

It 1s assumed that the negative effects of high penetration of RERs should be damped

by the proposed control-based converter depicted in Fig. 1. Firstly, the basic dynamic

equation of the grid-connected interfaced converter can be written as [6]:

di
d . ; _
L—+de—a)qu—udde+vd =0

dt

di
L—L+Ri +
dt 1

dv
Cd—;c"r‘ udid

oLi,—uyv, +v,=0

+ud, +1,, =0

(1)



According to (1), the proposed dynamic model is based on the active and reactive power
of the interfaced converter. As it is known, the relationship between the interfaced
converter currents and power can be stated as:

P=iqv4 (2)

Q=-igva 3)

By substituting (2) and (3) into (1) and some simplifications, a new dynamic model can

be achieved as:

L dP 4
EE +P+ —Q ud +])d :O ( )
Ld0 5 ®Lp.yp - -P, =0 ©®)
R dt R 1

(6)

RCdd;‘ +u,P~u O+PF,=0

where, Pei=vacVa/R, Pe2=iacva, Pa=vd’/R, and Pa,=vavy/R. Equations (4)-(6) demonstrate
the power-based dynamic model of the interfaced converter shown in Fig. 1 in which
the active and reactive power are the main state variables that should be appropriately
controlled. By achieving the switching functions of u¢ and uq from (4) and (5)
respectively and substituting the achieved results in (6), the equation for the P-Q curve

of the interfaced converter can be obtained as:

2 2
£P(/1\1—+_Paf £ av tdg
2 2
Lpip] (Lo -
R av d R av dq
+ _RCIJCIavPCI PP
2 2

Fig. 2 illustrates the P-Q curve given in (7). As can be seen from Fig.2, increasing Pq
leads to the larger values for the radius and one centre component of the P-Q curve
depicted as spotted light blue. In contrast, the simultaneous increment of Py and Py, can
generate a bigger P-Q curve; so that, the coordinates of its centre will be transferred as
shown in spotted red colour. It can be noticed that the ability of the interfaced converter
will be significantly improved for various active and reactive power generation with

bigger radius and centre coordinates.
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Fig. 2. P-Q curve of the interfaced converter.

A. Presentation of the Proposed SG-based Control Technique
To provide a control technique with the characteristics of SG for control of interfaced
converter, the main features of SG should be included in the dynamic equations of the
interfaced converter. At first step, the swing equation of PMSG is considered as:
In order to involve the inertia and mechanical power of (8) in the control loop of
interfaced converter, the small signal method should be applied to (8) as:
1 AP —AP 9)

Aw:a)*J's+(P;—P*)/a)*2J

By the use of (9), an appropriate and updated value for reaching the reference value of
frequency has been achieved for both components of the proposed control technique as
shown in Fig.3. In order to reach a control technique based on a suitable operation of

virtual inertia and mechanical power, (9) can be rewritten as:

EZAPW: . (P’:—P*) Ao (10)

S N [N

For a constant apparent power of the interfaced converter, the following relation can
be achieved as:

P’+(’=S’=constant (11)



The small signal method is applied to (11) and the result can be placed in (10) to

obtain the following relationship:

. . * _ pF 12

20 Pk Pl Bl -

It can be understood from (10) and (12) that, a good response for the active and
reactive power of the interfaced converter can be obtained by a zero value for the
VMPE, and appropriate values for the P,," and for the J, to reach a minimum value of
angular frequency error. Thus, by considering the equations (4)-(6), (10), and (12), the
closed-loop descriptions of the proposed control technique can be achieved as depicted
in Fig. 3. Noticing the equations of (10) and (12), the PI controller coefficients

employed in Fig.3 can be stated as,

_P-P (13)

ip *
[0

*

k =0J, k

pp

P, -P")P

kpq :w*P*/Q*,kiq :a)*—Q*

As can be seen from Fig.3, all virtual inertia, the reference value of virtual mechanical
power and VMPE can impact on the active and reactive power of the interfaced
converter that are investigated in section V. By combining (7) and (11), the following
linear relationship can be achieved between the active and reactive power injected

through the interfaced converter:

p Ly (14)
P= “ R™" Q _ RCPclavpcl +])c2])cl + S2

£I)av_'_l)af £])av_'_])d

R R

In fact, (14) is a linear relationship that shows the active and reactive power near to
the desired operating conditions. Principle of this linear relation is drawn in Fig. 4.
Increasing Pa; and decreasing P, will lead to a noticeable decrement for the reactive
power as shown in Fig. 4. It shows that the zero reactive power can be achieved by
increasing the ramp of the linear relation (14). On the other hand, by decreasing P4, and

increasing Py the active power will approach to the following value:

_RCP, P, +P,P +5 (15)

clav” cl

(Lp+n)

P=




According to (15), as Psincreases, the zero active power will be finally obtained. Also,
by regulating P.; and P.2, more effective control can be provided for the active power.
The aforementioned discussions about (14) can be concluded that the grid voltage
magnitude regulation employed in P4y, Pa, Pc1, and Pc> has a main role at an accurate

active and reactive power sharing.
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Fig. 3. Closed loops description of the proposed control technique: (a) the active power, and (b) the
reactive power.
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Fig. 4. Linear relation between the active and reactive power of interfaced converter.




IV. Evaluation of the Proposed Pn-Q Curve and Grid Frequency

Variation

More analysis associated with both the proposed dynamic model and control
technique are accomplished in this section based on introducing a virtual mechanical
power-based new curve as well as the effective factors relating to the variations of

angular frequency error.

A. Assessment of the Proposed Curve Py-Q

In order to achieve the new Pn-Q curve, the swing equation in (8) should be
incorporated with (7) that consequently the following new curve based on the virtual

mechanical power can be driven as:

2 2 (16)
zl)(lv+P¢i da) ]LeQav_ dq
P + -oJ— || +| 0 =
dt 2
2 2
Lp+p| [Lo,-p
R av R av q
> + B _RCPclavPcl _P2Pcl

The curve of (16) is drawn in Fig. 5. As can be seen, increasing the virtual inertia can
make more shifts to up in comparison with the grid angular frequency increment. It
causes the proposed control technique to have more positive values for its virtual
mechanical power in various operating conditions. Moreover, it can be understood form
Fig. 5(c), the simultaneous increment of @ and J can provide bigger positives values for
VMP; however, variation of ® is not suitable for performance of the proposed control
technique. Thus, the best option is to increase value of inertia J in such limited level so
that acceptable VMP should be achieved for operation of the proposed control
technique. On the other hand, Fig. 5 verifies that the embedded VMP variations can

affect operation of the interfaced converter.

B. Assessment of the Grid Frequency Variations

The small signal method is applied to (4) and subsequently (17) can be obtained as:

L rAoL . @ . 17
(ESH]AM%Q +”TfAQ—Audgl—udAel+Ae,=o {1n
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Fig. 5. Pn-Q Curve, (a) increasing o, (b) increasing J, and (c) increasing ® and J.

By achieving AP from (9) and substituting the result into (17), variations of the grid

frequency can be achieved as:

Aw=Fp AP, + FyAQ+ F, Au, +F, AR, +F, AF, (18)
where,
(RS+1] a’;L . ; 1 (19)
a | @ [P ()22
R Ro R

Based on (18), the effects of each component are considered to evaluate the responses
of the grid angular frequency versus the different values of virtual inertia. As can be
seen from (18) and (19), the transfer function related to the VMPE is different from
other components errors. For three virtual inertia values of J;>J,>Ji, the Nyquist
diagrams of transfer functions around the operating angular frequency associated with
the VMPE and other errors are drawn in Fig. 6. As can be seen in Figs. 6(a) and (b),
increasing the virtual inertia leads to better response for the grid angular frequency error
in the presence of various error components. In fact, increasing the virtual inertia can
help the proposed control technique to reach a grid frequency near to its reference value

with almost zero error.
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V. Impacts of Virtual Mechanical Power Errors on the Active and

Reactive Power Sharing

Performance of the proposed control technique can be affected by variations of
VMPE in which the various values of virtual inertia have its own effects. Thus, the
active and reactive power sharing of the proposed control technique should be assessed
in this condition. Considering the active and reactive power as well as VMPE in Fig. 2,

two following transfer functions are achieved as:

4 3
kppal (L / R).y + |:(1 + ,szpq)kppal + (L / R) (k,pal + kpp(uzal ) - (L / R)(ulkpp] s
/Jzkiqkppal + (1 + ,Ezkpq kipal + kppmzal + )
N s
(L / R)kip{uzal + ﬂz(ulQ (L / R) ﬁlkpq - (1 + ,szpq)(ulkpp - (L / R)kipml
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Fig. 7 shows the impacts of the variations of VMPE on the proposed control
technique in the active power sharing. Based on Fig. 7(a), the magnitude of active
power for both step and ramp changes of the VMPE are very low. This shows that a
VMPE with high magnitude can enforce the proposed control technique to produce an
additional term for active power. As can be understood from Fig. 7(b), the step change
of VMPE cannot lead to an unstable response from the active power of the proposed
control technique. On the other hand, the ramp variation of VMPE can cause the
proposed control technique to generate a fluctuated active power as shown in the Root
Locus diagram in Fig. 7(c). The step and ramp changes of VMPE lead to a low
magnitude of the reactive power that has a little larger magnitude compare with active
power as depicted in Fig. 8(a). According to Fig. 8(b) and Fig. 8(c), the step and ramp

VMPE generates stable and oscillating responses for reactive power, respectively.



Totally, it results in zero or low magnitude of VMPE, the proposed control technique
cannot be affected by variations of VMPE and consequently an accurate and stable

performance of active and reactive power sharing are obtained in this condition.
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VI. Results and Discussions

Abilities of the proposed control technique are assessed in this section by
MATLAB/Simulink. In the first evaluation, both steady and dynamic operations of the
proposed control technique are considered by load variation. Then, the effects of
changing VMPE and VI will be discussed based on the grid frequency and voltage
magnitude with high penetration of RERs. Simulation parameters are given in Table I.

General structure of the proposed control technique is shown in Fig. 9.

TABLE I: SIMULATION PARAMETERS

Parameter Value Parameter Value
de-link Voltage (vac) 850V J 1e3s
Phase ac voltage 220V Pm 33kW
Fundamental frequency 50 Hz P 3 kW
Switching frequency 10 kHz Q 2 kVar
Interface converter 0.1 Ohm | Interface converter 45 mH
resistance inductance
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A. Assessment of the Proposed Control Technique under Dynamic and Steady State

Operating Conditions

The proposed control-based converter shown in Fig. 9 is intended to supply
3kW+j2kVAR load and then compensate an increment of 4kW+j3kVAR load at
t=0.25s. Also, a high penetration of RERs into the power grid happens at t=0.1s. The
active and reactive power of the interfaced converter and also the grid frequency and

voltage magnitude in this scenario are illustrated in Fig. 10.
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Fig.10. Operation of the proposed control technique under dynamic and steady state operating conditions:

(a) active power, (b) reactive power, (c) the rid frequency, and (d) the grid voltage magnitude.

According to this figure, an accurate active and reactive power sharing can be
performed by the proposed control-based converter with acceptable responses for both
start point and dynamic change conditions. Also, fluctuations of the active and reactive

power are negligible during tracking of their reference values.



On the other hand, according to Fig. 10(c), the grid frequency will reach its reference
value with acceptable transient response after operation of the proposed control-based
converter at t=0.25s. After high penetration of RERs into the power grid at t=0.1s, the
grid voltage magnitude is fallen based on Fig. 10(d). As can be seen, the proposed
control-based converter can appropriately force the grid voltage magnitude to achieve
its desired value with acceptable dynamic response and by injecting the required active

and reactive power at t=0.25s.

B. Impacts of Variations of VMPE and VI on the proposed control technique
This sub-section confirms that, the variations of VMPE and VI in the proposed control

technique can impact on the grid frequency and voltage magnitude responses in both
steady state and dynamic operating conditions. A high penetration of RERs at t=0.1 and
its related compensation at t=0.25s will be occurred in this sub-section. Fig. 11 shows
the grid frequency responses by changing VI and VMPE. It can be understood from Fig.
11(a) that very low and high values for VI will deteriorate both steady state and
dynamic responses of the grid frequency. Only the middle values of VI will lead to
acceptable response for the grid frequency. On the other hand, as depicted in Fig. 11(b),
small VMPE can provide stable response for the grid frequency. It can be realized that,
very high value for VMPE leads to a divergent response for the grid frequency. Fig. 12
shows the impacts of varied VI and VMPE on the grid voltage magnitude. According to
Fig. 12(a), however the grid voltage magnitude response due to very low value of VI
can follow its desired value after the proposed control-based converter compensation at
t=0.25s, but the stable response cannot finally be achieved. For Fig. 12(a), the worst
case belongs to very high VI. Similar to the grid frequency response, very good
response for the grid voltage magnitude can be obtained by a low VMPE and very high
values for VMPE can make an unstable response for the grid voltage magnitude as

shown in Fig. 12(b).
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230

Low-High Inertia Very, Low Inertia

/\/\/\.Q,—\/\,A/\m N
B Tnrearw AN S
REVAVAE AVAVAV RV VAR VINY

[\

[N}

W
]

N
[\
S

VoltageNMagnltude(V)
&

\
AV
210 Very High Inertia
205
0.05 0.1 0.15 02 . 025 0.3 0.35 0.4 0.45
Time([s]
R 22 High VMPE Low VMPE
2 220 "\GA \\J \
3 \ A A
ER s " VARG v T P
- : AL hY
= 216 \ / / {
[}
] Very High VMPEj\,\,\/ "\IJ W
S 214
>
212
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Time[s]

Fig. 12. Responses of the grid voltage magnitude due to: (a) various VI, and (b) various VMPE.



VII. Conclusion

A control technique has been presented in this paper for control of interfaced
converters with high penetration of renewable energy resources into the power grid. The
proposed control technique is based on inherent characteristics of SGs to guarantee a
stable operation of the power grid. Key features of an SG i.e., virtual inertia, virtual
mechanical power error, and reference value of virtual mechanical power have been
included in the power-based dynamic model of the proposed model to emulate
behaviour of SG in operation of interfaced converters. In fact, the proposed control
technique presented a new model of power electronics-based SG to guarantees a stable
operating condition for the power grid with high penetration of RERs, which has been
considered as the main contribution of this work over the other existing works in this
area. Two P-Q and Pn-Q curves have been extracted by use of the dynamic models of
the proposed control technique and some related analyses have been involved for
evaluation of the proposed control technique under different operating conditions.
Moreover, VMPE and other error components variations have been considered for the
evaluations of the grid frequency error through Nyquist diagrams for different VI
values. The analysis of the proposed control technique based on the embedded SG
inherent features has been completed by achieving two transfer functions in order to
investigate the VMPE effects on the active and reactive power sharing of the interfaced

converter in presence of different VI values.
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