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Abstract -- Grid-connected converters that integrate primary frequency support and inertia emulation functionalities
have emerged in the last years. These features are promising for renewable power generation plants because it permits such
systems to contribute to power system stabilization. This paper gives three different active power control solutions for grid-
connected converters based on the Synchronous Power Control (SPC). For each solution, the detailed analytical relationship
between the control parameters and the power loop dynamics is illustrated, and the local stability and dynamics are
analyzed. The analysis and validation regarding the frequency support functionalities are particularly addressed in this
work, where experimental test performed in a 10 kW experimental test bench have contributed to endorse the results that
permits to conclude that the Synchronous Power Control offer a good performance in terms of inertial response and droop

characteristics.

Index Terms--DC-AC power converter, Grid-Connected power converter, Power converter control, Synchronous Power

Controller.

l. INTRODUCTION

The continuous penetration of renewables and the expansion of distributed generation plants, challenges the
coordination and stabilization of the power system. Therefore, integrating generation and demand functionalities able
to provide an automatic response in front of voltage and frequency distortions becomes a promising solution in the
long run. In practice, only large power stations comprised of clusters of synchronous generators incorporate a droop
mechanism for regulating their generated power as a function of the grid frequency variation. In order to provide
frequency and voltage regulation from each interfaced terminal in modern electrical networks, renewable generation
plants based on grid-connected converters are also required to interact with the grid and provide frequency and voltage

support [1].



Most Distributed Generation (DG) systems are based on renewable energies, which can be combined with energy
storage systems. These systems are increasingly required to participate in the grid regulation offering supporting
services to improve the operation and stability of the grid. Due to this, the incoming standards for grid-connected
power converter are more demanding regarding grid-supporting requirements. Hence, at the present time renewable
based power generation systems cannot be based only in maximum power point tracking (MPPT) algorithms but droop
characteristics should be also integrated. These droop functionalities are fully feasible from renewable energy sources
in case of working with a capacity reserve or in parallel with any energy storage devices. Nowadays novel ancillary
services, like synthetic inertia emulation, have started to be required in grid codes in order to improve the frequency
stability and contribute to the inertial response. This approach give rise to a different paradigm if compared to the
traditional definition of converter dynamics, which are characterized by the performance of the phase-locked loop
(PLL) [2] and the power control that defines the operating references [3].

The idea of specifying grid-connected converters with inertia and droop characteristics is well accepted because of
the successful operation of the traditional power system, which relies on the electromechanical characteristics of the
numerous synchronous generators. As a result, the inertial response is required in new electrical codes and standards
reproducing the performance of classical synchronous machines. In detail, the output impedance of a synchronous
machine determines its electrical characteristics that leads to a natural load sharing and voltage droop, and the rotor
inertia determines its mechanical characteristics that guarantees the healthy dynamics of the power system. Therefore,
the control based on the characterization of the synchronous generator swing equations, mainly the emulation of the
electro-mechanical characteristics, has been studied intensively in the past years ever since its first publication [4].
The studies have been conducted from different perspectives like inertia emulation characteristic [5]-[7], [8], PLL-
less control [9], providing virtual impedance [10], [11], adaptive inertial response [12], [13], primary frequency and
voltage control [14], as well as stability analysis [15]-[16] where the impact of the droop coefficients and the virtual
inertia impact on the system dynamics are analyzed .

The above mentioned works gave an insightful analysis or constructive implementation proposals on different
aspects of synchronous generator emulation control, whereas the transient analysis and experimental validation in
presence of grid frequency variations are not thoroughly shown. In the current literature, typical experimental
verification scenarios for virtual synchronous power control include active and reactive power steps [4], [8-9], [13],
[17-18], load changes [19-23], voltage sags [5], [13], [17], [23-26] and islanding [17-20] or [23]. However, the

responses under grid frequency changes are not fully verified. Although the results shown in [12], [14], [21] have



exhibited the frequency support effect under load changes, a quantitative transient relation between the grid frequency
and the active power is not given and validated. Following the work [27], this paper introduces the synchronous power
control (SPC) strategy for grid-connected converters to provide inertia emulation and primary frequency control. This
validation is the main focus of this paper, based on the determination and analysis of the active power support over
grid frequency variations for three different implementations of the electromechanic characteristics. Particularly,
compared with existing studies, the transient response of the converters in presence of grid frequency changes is
studied analytically and validated in experiments in this paper. The first implementation strategy, largely implemented
in the literature, is based directly on the swing equation of the synchronous generator including the damping windings
emulation. Based on the requirement to achieve a damped response in front of the ratio of change of frequency
(ROCOF) characteristic from the swing equations implementation, two new damped response are suggested and
analyzed. These are based on two damped transfer functions: Pl and the lead-lag. In both cases the required attenuation
and inertia constant are determined in order to achieve the desired response. In all the three cases the controlled grid-
connected converter can give frequency support accurately following the specified dynamics, thus a good interaction
between the converter and the grid is guaranteed.

One of the proposes achieved by these two new proposals to implement the emulation of the electromechanical
characteristic is the decoupling between the droop parameter and the constant of inertia desired. This issue, which can
be found in different virtual synchronous generation [28], hinders the design of the droop constants, especially in the
case in which this parameter must be modified on-line to be adjusted to the grid conditions. Another of the problems
detected is the power reference error in steady-state due to the droop slope in case of changes in the grid frequency.
In [29] the droop is on-line modified, according with the ROCOF factor, in order to reduce the frequency deviation
from the nominal value in microgrids. This change in the slope of the droop is restored once the frequency droop

comes back to the nominal range.

1. GRID-CONNECTED CONVERTERS BASED ON THE SPC

The SPC endows grid connected voltage source converters (VSC) with virtual electromechanical characteristics, as
an emulation and enhancement of synchronous generators [28], [31].

The electromechanical characteristics of synchronous generators can be split into two aspects, the stator output
impedance (electrical) and the rotor inertia (mechanical). The former one defines the fundamentals of electrical

interaction with the grid in terms of active and reactive power exchange, which also contributes to the grid



synchronization, power sharing and unbalance compensation, etc. The latter one defines the power-frequency
dynamics in power systems and contributes to the frequency stabilization.

The active and reactive powers transferred from e to v through a line with an impedance is defined as, [32]:
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where E and V are the rms of e and v, Z2¢

the line impedance between the two sources, and ¢ the phase-angle
difference between e and v, and it is known as load-angle.
For common synchronous machines, considering a mainly inductive output impedance and the synchronized

condition (a small value of ¢), (1) and (2) can be simplified as:
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As shown in (3) and (4), synchronous machines regulate the active and reactive powers by adjusting the load-angle

and the magnitude of the electromotive force through the governor and the exciter, respectively. Similarly, the SPC

controls the active and reactive powers by adjusting its inner voltage phase-angle and magnitude, respectively, in a

similar way like a synchronous machine, rather than the conventional in-phase and in-quadrature current control
performed in the decoupled rotating (d-q) reference frame.

The overall control architecture for grid connected power converters based on the SPC and external droop

controllers is shown in Fig. 1.

The power loop controller (PLC) and the virtual admittance determine the main characteristics of the SPC, which



correspond to the mechanical and electrical part of synchronous machines, respectively.

I1. SYNCHRONOUS POWER Loor CONTROL
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Fig. 1. Grid-connected converters based on the Synchronous Power Controller (SPC).

The mathematical model of the active PLC of the SPC is shown in Fig. 2. The PLC is a generalized modeling of

the active power control mechanisms based on the control structure of Fig. 1.
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Fig. 2. Mathematical model of the SPC’s active power control.

The synchronous angular speed o is adjusted according to the error in the power converter’s power balance
regulation, which will further modify the load-angle ¢ to regulate generated active power. In this way, even though
the grid voltage phase-angle fg4rig is unknown and can be variable in a realistic operation, « can always be adjusted to
eliminate the power control error, and meanwhile maintains the synchronization with the grid frequency wg. GpLc(S)
represents the transfer function between the active power control error, AP is the difference between the power
reference (P™) and the power injected in the point of common coupling (PCC), and w, and Pmay is the gain between &
and the generated active power P, which is defined in (3).

The design of the SPC’s PLC is discussed in this section based on the above modeling of the active PLC.

A Controller Based on the First-Order Torque Equation

The synchronous machine first-order torque equation (1% - OTE) for small signal variation of the rotor angular

frequency, w, around the rated rotor angular frequency, ws, can be expressed in terms of power as:

n

P, —F =wo(Js+D)w (5)

Based on the 1%t - OTE, the PLC in Fig. 2, Gp.c(s), could be implemented as shown in:
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which considers both the inertia, J, and the damping, D, terms. This transfer function is referred as the Mechanical
PLC (MPL) in this paper. This simplified version of the active power loop control derived from the swing equation is
utilized and analyzed in [29]-[30], as well as extended to dc systems [33].

According to (6), the resulting second-order closed-loop transfer function would have the following form:
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being Pmax as defined in (3).

The MPL controller gains, J and D, should be set according to:
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Taking the grid frequency, wg, as an input variable and P as the function output, the associated transfer function

J

(P-f response) can be shown as:
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where w, and £ are given by (10) and (11), respectively.
By observing (12), it can be concluded that the MPL controller incorporates an intrinsic P-f droop characteristic.
The interaction among the inertia H, the damping ¢’ and the per-unit P-f droop gain Rp defined by the MPL controller

can be written as:
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where Xy, represents the per-unit value of the reactance of the virtual admittance

B. PI Power Loop Controller

The commonly used PI controller can also be used as an alternative to implement the PLC. The Pl-based PLC
makes the output regulated power equal to the reference value in steady state, even if there are variations in the grid
frequency. In this way, a precise power tracking control can be simply achieved, without using any additional droop
loop. Moreover, setting parameters for the external droop controller is straightforward and simple, since the power
loop based on a PI controller does not have intrinsic droop. In addition, given values for the inertia and the damping
characteristics can be guaranteed by properly setting the PI controller gains.

The PI controller used for the power loop has the following form:

K
Gpe(s)=K, +—=
5 (14)

Using it as the power loop controller block in Fig. 2, the resulting closed-loop transfer function can be generically

written as:
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where the damping coefficient and natural frequency are respectively given by:

ek [
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Therefore, the Pl-based PLC gain, Ky, should be set according to:
o’
K, = P_”
max . (18)

The natural frequency, wn, in this case, can be translated to the moment of inertia, J, by equating the w; in (9) and

(17). Then (18) changes to:

J(x)‘ , (19)

which changes to (20), expressed in terms of H.

2HS,, (20)



Substituting the Ky in (16) using (20), the mechanism to set K is obtained, expressed as:

[ 2o,
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The power response in presence of grid frequency changes will be given by:
or —P s
(S) P 3 max 3
dw, s +28m 5 + o 22)
from which, the steady-state droop gain is obtained as:
D, = fP ()| =0
o (23)

It indicates that the power generated by the power converter will always track the power reference in steady state,
regardless of whether the grid frequency changes or not.

According to (20) and (21), the control parameters Kx and Ky can be easily set from given values for & and H.

C. Lead-Lag Power Loop Controller

Using a lead-lag controller for the active PLC, the direct implementation of the synchronous machine 1% - OTE is
modified by adding a droop branch in parallel for controlling the P-f droop gain in steady state. In this way, this branch
adjusts the offset of the power transfer function by introducing a new degree of freedom.

The transfer function of the proposed controller is generalized and written as:

G,,. (S‘):M
s+K, ’ (24)
which is referred as Configurable Natural Droop (CND) controller in this paper.

Compared with the MPL controller, the CND controller provides an additional degree of freedom without
increasing the order of the power regulating transfer function. Moreover, it gives an inherent P-f droop feature, which
can be configured independent to the inertia and damping parameters.

Substituting the PLC block in Fig. 2 by the expression (24), the resulting closed-loop transfer function can be

written as:

i(j’): (zé‘:&)ﬂ — K(f )S+a)”2
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where the damping coefficient and natural frequency are expressed as:
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The P-f response of the CND controller is given by:
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where (30) is obtained.
2nK .
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PP 1000K, (30)

The controller gain, Kg, should be set according to the inertia constant H and the per-unit P-f droop gain Rp by:

1

K, =
2HR, (1)
Then the following expression is obtained:
2w 1
K,=¢ — -
}Dnm\HS.\' 2HRDRM\ (32)
by which the controller gain, Kp, can be set.
V. STABILITY AND DYNAMICS BASED ON DIFFERENT POWER LOOP CONTROLLERS

The stability of the active PLC and the power control dynamics are analyzed in this section, considering three

different types of PLC mentioned in the last section.

A Stability Based on Different Power Loop Controllers

The system based on the 1% - OTE, (7), is a standard second-order system, which is known that its stability is
determined by the closed-loop poles, accordingly, by & Comparing (7), (15) and (25), all the three types of PLC lead
to the same closed-loop poles, expressed by w, and & Therefore, the stability is mainly determined by the value of &,
no matter which PLC is used. However, since the Pl and the lead-lag (LL) controllers introduce additional zero to the
system, the phase-frequency characteristics can be slightly different based on different PLC, which may lead to

different phase margins.



Fig. 3 shows the Bode plot of the systems based on different PLC. Fig. 3(a), (b), (c) and (d) all show that the phase
margin resulted from different PLC are close to each other. The only observed difference among different PLC is the

crossover frequency, which mainly reflect the dynamic characteristics.
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Fig. 3. Bode plot based on different power loop controllers and different parameter values: (a) H=5s,{=0.3, (b)) H=5s,{=0.7, (c)H
=10s,{=0.7,(d)H=5s,{=1.1.

B. Dynamics Based on Different Power Loop Controllers

Compared with the transfer function (7), the system based on the PI or lead-lag controllers, (15) or (25), has an
additional zero. According to the control theory, an additional zero in a second-order system decreases the damping
of the system, which may have two effects, faster speed and bigger overshoot. In order to evaluate the dynamics of
the systems based on the Pl and lead-lag controllers and compare them with the typical 1% - OTE, the closed-loop
magnitude-frequency characteristics are plotted, as Fig. 4 shows.

Fig. 4(a) shows that the systems based on different PLCs have similar bandwidth, under {= 0.3. It shows that when
the system has an insufficient damping, the bandwidth will be largely determined by the damping, while the system
zero introduced by the PI or lead-lag controller does not relatively affect it.

When the damping is increased, the effect of the system zero increases, which results in the bandwidth separation



in different PLCs, as Fig. 4(b) shows. Under a proper damping factor ¢, the systems based on the PI or lead-lag
controllers have larger bandwidth than the system based on the 1% - OTE, which will make the systems have faster
speed.

Comparing Fig. 4(b) and (c), it can be seen the well-known fact that the dynamics of the second-order system is
largely determined by the natural frequency, and further by the inertia constant of the PLC. When the inertia constant
increases from 5 to 10 s, the bandwidth of all the three systems decreases significantly.

Comparing Fig. 4(c) and (d), it can be seen another difference between the systems based on the Pl or lead-lag
controllers and the system based on the 1% - OTE. For the former two systems, the bandwidth does not change much

along with the damping factor ¢, however, the bandwidth decreases for the latter one system.
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Fig. 4. Closed-loop magnitude-frequency characteristics based on different PLC and different parameter values: (a) H=5s, {=0.3, (b)
H=5s,{=0.7,(c)H=10s,{=0.7,(d)H=5s,{=1.1.

Fig. 5 is plotted in order to demonstrate the relationship between the settling time and the inertia constant.
It is known that the settling time of a standard second-order system is inversely proportional to the natural frequency
wn, therefore, the settling time of the system based on the 1% - OTE is proportional to the square root of the inertia

constant H, according to (9) and (10). Fig. 5 demonstrates that the systems based on the P1 or LL controllers follow a



similar characteristic, as an emulation of the synchronous generator dynamics.

Fig. 5(a) shows that when ¢ = 0.7, the settling time of the system based on the Pl or lead-lag controller is smaller
than the one based on the 1% - OTE. Fig. 5(b) shows that when { = 0.8, the situation is the opposite. Comparing Fig.
5(a) with (b), it is found that the settling time of the systems based on the PI or lead-lag controllers is not relatively
affected by the change of the damping factor, while the settling time of the system based on the 1% - OTE is more
affected. Fig. 5 (c) shows that when = 0.9, the three systems share a similar relationship between settling time and

inertia constant.
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Fig. 5. Relationship between the inertia constant and the closed-loop step response settling time: (a) {=0.7, (b) = 0.8, (c) {=0.9.

In order to further show the influence of the damping factor on the system settling time, for the systems based on
different PLC, Fig. 6 is plotted.

It is found from Fig. 6 that in the value range = [0.6 1], the settling time of the systems based on the lead lag
controller does not relatively change. However, in the value near { = 0.63, the settling time of the systems based on
the PI controller has a fast change, and in the value near = 0.77 (close to the theoretical value 0.707), the settling
time of the systems based on the 1% - OTE has a fast change. This point where the fast change occurs can be defined
as the “sufficient damping” value. The damping value smaller than this value is not sufficient and causes too many
oscillations before arriving the steady-state value, and hence increases the settling time, and on the other hand, the
damping value bigger than it gives more than enough damping, and results in a slower response (also increases the
settling time). It is obvious from Fig. 6 that the “sufficient damping” value for the lead lag controller is smaller than

the other two strategies, and the ¢ for 1%t — OTE has a stronger effect in controlling the settling time.
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Fig. 6. Relationship between the damping factor and the closed-loop step response settling time: (8) H=5s, (b)) H=2s.



Fig. 7 shows the relationship of the system overshoot with the damping factor. It is demonstrated that for all the
systems based on different PLC, the overshoot is always determined by the damping factor. However, under the same

damping factor, the system based on the 1% - OTE has the smallest overshoot, while the system based on the PI has

the biggest one.
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Fig. 7. Relationship between the damping factor and the closed-loop step response overshoot: (a) H=5s, (b)) H=2s.

V. EXPERIMENTAL RESULTS

The experimental setups are shown in Fig. 8, where a 10 kW converter interacts with the grid that is formed by the
regenerative power source California Instrument MX45. By using this ac source the grid voltage waveforms,
magnitude and frequency are programmed, and hence the sweep of grid frequency can be generated. A 20 kW dc

power source supplies the dc bus of the converter, and the control is implemented in ASPACE ds1103. The parameters



are shown in Table I. The lead lag controller is choses as the power loop controller for experimental tests.

Table 1. Key experimental parameters for power loop controllers’ validation
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Fig. 8. 10 kW grid connected power converter experimental setup: (a) block diagram, (b) laboratory view.

Description Symbol Value
grid phase-to-phase voltage Vg 400 [V]
grid nominal frequency fq 50 [Hz]
dc bus voltage Vic 640 [V]
power converter nominal power Pn 10 [kW]
switching frequency fow 10050 [Hz]
damping factor (if not ¢ 0.7 [p.u.]
mentioned)
virtual resistance Rpu 0.1 [p.u.]
virtual reactance Xpu 0.3 [p.u.]
A Experimental results compared to transfer function analysis and simulation

Fig. 9 shows the transient active power response in the presence of a grid frequency sweep. Fig. 9(a) shows the

programmed frequency sweep, where the ramp slope is 1 Hz/s. Fig. 9(b) shows the waveform for the grid voltage and

current injected by the converter during the frequency sweep. It can be observed in this figure how the current is well

controlled in steady state and exhibit a significant transient response to compensate the change of the grid frequency.

It should be also noted how the converter presents a smoothed response during transients.



Fig. 10(a) compares the response of active power obtained by transfer function response plotting, simulation and
experimental test. In the three cases the controller works with the same set of parameters. The transfer function shown
in (29) is used for this comparison. Fig. 10(a) shows a perfect response match from the three different cases. It validates
how the transient response of the grid-connected converter in practice perfectly follows the dynamics of transfer
function (29). In this way, the damping, inertia and droop characteristics can be accurately set and the feasibility of
this controller is experimentally demonstrated. In this test, the P-f droop gain is set to 10%. The measured active power
delivered by the power converter takes a steady-state value of 0.56 p.u. when the grid frequency holds at 49.7 Hz, and

0.44 p.u. when the grid frequency holds at 50.3 Hz.
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Fig. 9. Experimental result of the CND PLC under a grid frequency sweep: (a) grid frequency profile, and (b) grid voltage and injected current.
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Fig. 10. Experimental result analysis of the CND PLC under a grid frequency sweep: (a) experimental active power response comparing with
simulation and calculation, and (b) the inner virtual synchronous frequency of the experimental converter.

Fig. 10(b) shows the evolution of the virtual synchronous angular speed w. As appreciated in this figure, a high
value for inertia constant (H=10 s) results in a long settling time in the grid frequency tracking, longer than the one in
a traditional loop based on a PLL. The difference between w and wg during the transient leads to a significant active

power inertial response to compensate such a frequency deviation.

B. Inertial and droop characteristics

Fig. 11 shows the transient responses of the power converter when different values are set for the inertia constant
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Fig. 11. Comparison of the active power transient responses of the CND PLC under a grid frequency sweep under different values of inertia

constant: (a) grid frequency profile, and (b) comparison of active power responses.

The frequency profile that triggers the active power responses is shown in Fig. 11(a). The frequency ramp slope in
this figure is 3 Hz/s. The initial operating point of the power converter is 6 kW and 0 kVar. The active power responses

for two different inertia constant values, H =5 and H = 10, is measured and shown in Fig. 11(b). The settling times



for both values of H in response to the frequency profile are 944 ms and 658 ms. It is easy to calculate that

944/658 =1.43=V10/5 \hich matches the relationship that the settling time is proportional to the square root of
the inertia constant.
Fig. 12 shows the active power transient responses of the power converter when different values are set for the

damping factor &. Fig. 12(a) shows the current injected by the power converter.
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Fig. 12. Comparison of the active power transient responses of the CND PLC under a power reference step under different values of damping

factor: (a) injected current, and (b) comparison of active power responses.

When the lead lag controller is used as the PLC, according to Fig. 6, the settling time does not change much along
with the damping factor, and according to Fig. 7, the overshoot decreases when the damping factor increases. This
theory is verified in experiment as Fig. 12(b) shows.

The droop characteristic of the power converter is shown in Fig. 13. The grid frequency variation is plotted in Fig.
13(a), where it decreases to 49.9 Hz during 0.1 s, holds for 1 s and increases back to 50 Hz during 0.1 s. In three
simulation cases, the droop gain Rp is set to infinite (Dp=0), 10% and 5%, corresponding to 0 kW/Hz, 2 kW/Hz and

4 KW/Hz, respectively. Fig. 13(b) shows the transient active power responses. It can be observed in this figure how



the active power steady-state value after the first frequency ramp is 0.6 p.u., 0.62 p.u. and 0.64 p.u., respectively,

according to the programmed droop gains.
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Fig. 13. Comparison of the active power transient responses of the CND PLC under a grid frequency sweep under different values of droop gain:

(a) grid frequency profile, and (b) comparison of active power responses.

In summary, these experimental results verify the inertial, damping and droop response of the controller in case of
grid frequency changes. The good matching in the transient active power responses obtained from the transfer
function, the experimental results validates the effectiveness and the easy implementation of the previously presented

controller.

VI. CONCLUSION

This paper presented three different PLC strategies for grid-connected converters based on the Synchronous Power
Controller, oriented to provide inertia emulation and primary frequency control features to power converters linked to
renewable energy systems. The PLC was designed to provide damping, inertia emulation and P-f droop characteristics
with considerations of stability and dynamics. The frequency support characteristics of the controlled converter were
particularly analyzed and validated in this paper. The analytical relation between the grid frequency deviation and the
active power change was derived based on the accurate modeling of the active PLC. The experimental tests, done in
a 10 kW regenerative source test bed, equipped with a frequency programmable voltage ac-source, have endorsed the
analytical analysis. In this regard, the inertia and droop characteristics were clearly shown scenarios where there is a
frequency sweep tests and the converter is controlled with different sets of parameters. The simulation and
experimental results validate the performance of the three models of PLC presented in this paper. Therefore, the inertia
constant, damping factor and droop gain can be accurately given for achieving a good grid-interaction dynamics and

also complying with the current TSO requirements.
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