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Abstract—Reactive power injection in distributed generation
inverters is an useful ancillary service for grid supporting
purposes. For grid-feeding converters, the slope control method
is the most common voltage regulation strategy used in local
(communication-less) applications. Despite its simplicity, this
method offers limited dynamic properties in scenarios with
changing operation conditions. In this sense, this paper presents
an adaptive slope voltage control which provides an improved
transient performance against operating variations. To derive the
control configuration, a control-oriented mathematical model is
developed. The accuracy of the modeling and the performance
of the proposed control are validated by selected experimental
results.

Index Terms—Adaptive slope voltage, distributed generation,
grid-feeding power converter, slope voltage control, voltage reg-
ulation.

I. INTRODUCTION

IN recent years, distributed generation based on renewable

energy sources has gained more attention because of ever-

growing concerns on environmental issues and energy costs

[1]. This has led to an increase in the number of renewable-

based distributed generators (DGs) connected to the electrical

network [2]. The connection of a large amount of DGs can

cause voltage deviations and impairments in the stability of the

grid [3]. For this reason, grid codes require that DGs provide

ancillary services aimed to mitigate these adverse effects.

To connect DGs to the electrical grid, three-phase power

converters are employed as interfaces. Depending on their op-

eration aspects, converters can be classified into grid-forming

and grid-feeding [4], [5]. Grid-forming power converters are

controlled with the main objective of regulating its output

voltage. Because of this, its operation can be modeled using

a power-controlled voltage source. A common method to

achieve the voltage regulation consists of including control

loops in which the frequency and amplitude of the voltage

follow references that are corrected by terms proportional to
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the active and reactive powers, respectively. For this type of

converters, this control strategy is usually called droop method

[6], [7]. This type of control is commonly framed in hierar-

chical controls, which are characterized by grouping control

objectives according through different speeds of response [8].

Grid-feeding power converters are controlled with the main

objective of injecting active and reactive power following de-

termined references. Due to this, its operation can be modeled

using a power-controlled current source. Particularly, reactive

power injection can be controlled as an ancillary service

for grid supporting purposes. It can be useful for voltage

regulation in several scenarios including load changes and

abnormal grid conditions [9]–[11].

One of the most relevant applications of the grid-feeding

power converters are the wind generators [12]. Due to the

fast growing number of this type of DGs, grid codes are

including stringent requirements related to voltage support at

the point of connection [13]. A common strategy to achieve

an effective voltage regulation consists of implement a control

loop in which the voltage amplitude follows a reference that is

corrected by a term proportional to the injected/absorbed reac-

tive power. For grid-feeding converters, this control strategy is

usually called slope method [14]–[16]. This control approach

is widely used for its simplicity and flexibility. The slope

method can be implemented according to different control

schemes, most of them based on static transfer functions

using strategies such as proportional, proportional-integral and

integral with proportional feedback controllers [17]–[20]. Even

though these control strategies are suitable alternatives to

regulate the voltage, in this paper an analysis based on the

modeling proposals presented in [21] and [22] has been made,

identifying that the static slope voltage control offers limited

dynamic properties in scenarios where the operation conditions

are changing. This drawback risks the operation of the DG

when is implemented under hierarchical controllers and the

fulfillment of the grid codes requirements.

Thus, considering this limitation, in this paper an adaptive

slope voltage control for DGs is presented. Compared with

static approaches, this proposal provides an improved transient

performance against grid operating variations, guaranteeing a

constant settling time. This control is based on an adaptive gain

which is updated in real-time according to an estimation of the

grid impedance. To derive the control configuration, a control-

oriented mathematical model is obtained from the static slope

voltage control. The model is also used to propose a design

procedure for the control parameters.
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The paper is organized as follows. Section II presents a

general description of the system. Section III develops the

steady-state, small-signal and closed-loop modeling. In Sec-

tion IV, the proposed control is presented including the control

architecture and the design consideration. Experimental results

to validate the proposal are presented and discussed in Section

V. Finally, general conclusions are drawn in Section VI.

II. SYSTEM DESCRIPTION

This Section presents the system description including gen-

eral concepts about grid-connected DG modeling, reactive

power injection and slope voltage control.

A. Grid-connected Distributed Generation Systems

The diagram of a grid-connected DG system is presented in

Fig. 1. The primary power source is connected to a three-phase

inverter. Between them two, a dc-link is needed to balance the

power flow from the source to the grid. The inverter uses an

LCL filter (composed by Li, C and Lo) in order to reject

switching noise and harmonics. The connection to the grid

is done at the point of common coupling (PCC). The grid is

assumed mostly inductive and is modeled by a voltage source

and an equivalent grid impedance Lg .

The main task of a grid-feeding power inverter is to deliver

the generated active power to the grid by controlling the

amount of injected current. In order to extract the maximum

power from the power source, the voltage at the dc-link vdc
is regulated by an external voltage controller, which provides

the active power reference P ∗ that should be injected [23].

Besides the active power injection, inverters can supply

reactive power to the grid following grid codes requirements

[24], [25]. The range of variation of the voltage at the

PCC caused by this injection depends on the inverter current

capacity and the grid inductance. A properly generated reactive

power reference Q∗ can be useful to keep the PCC voltage

around the nominal values and avoid exceeding the limits

of operation imposed by the grid code. Different control

approaches can be implemented to generate Q∗. The reactive

power injection technique used in this work is discussed in

the next subsection.

Once the reference Q∗ is defined, a current reference i∗ is

calculated, which is followed by the controller. This reference

is generated as follows

i∗ =
P ∗v

V 2
+

Q∗v⊥

V 2
. (1)

where v⊥ denotes the quadrature of the PCC voltage v and V
the amplitude of v [26], [27]. The current reference i∗ is used

in the current loop and the space-vector modulator (SVM) to

control the power switches of the inverter [28].

B. Local Reactive Power Injection Techniques

There are several local control techniques for the injection

of reactive power in order to regulate the PCC voltage. They

can be grouped in three general forms:

power

source
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inverter

current

controller

and SVM

dc-link voltage

controller
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Figure 1. Circuit diagram of a grid-connected DG system.

1) Constant reactive power reference: This method forces

to follow a constant reactive power reference (Q = Q∗)

received from a higher hierarchical control level [2].

2) Constant voltage regulation: It is based on a local voltage

control that regulates the PCC voltage amplitude to a

reference value (V = V ∗) [29].

3) Slope voltage control: This last method regulates the

voltage amplitude proportionally to the reactive power

injection [14]–[16].

Fig. 2 illustrates the operation of these control strategies.

The vertical axis shows the PCC voltage amplitude V and

the horizontal axis the injected reactive power Q. In each

graph, the characteristic curve of the system is displayed

in three different grid voltage scenarios (solid lines). The

values over the vertical axis, VgH , VgN and VgL are voltage

amplitudes when Q is not injected. Particularly, VgN is the

voltage amplitude for nominal conditions, and VgH and VgL

the maximum and minimum values expected. The slope of

the lines depends on the value of Lg . The operation points of

the system are represented by the intersections between the

control law (dashed line) and the characteristic curves.

The performance of the first control technique is depicted

in Fig. 2(a). As the amount of reactive power injected Q∗

is fixed, the PCC voltage increases proportionally to the grid

voltage and no voltage regulation is performed.

Conversely, the second control technique provides accurate

voltage regulation, as it can be seen in Fig. 2(b). However,

the range of reactive power required to satisfy the objective

V = V ∗ is very large considering the differences between the

operation points related to VgH and VgL (red line and yellow

line). Therefore, depending on the power converter capacity,

the control objective could not be reached.

Finally, in the third control technique, the injection of Q
generates a linear decrease in the voltage, as it can be seen in

Fig. 2(c). A lower range of variations on Q allows obtaining

different operation points according to the selected slope and

voltage reference V ∗. Notice that this last variable works as

a control parameter and not as a control objective, since the

nature of the control technique produces a stationary error

between V ∗ and V .

C. Slope Voltage Control

Fig. 3(a) depicts the proportional-based scheme, the sim-

plest implementation of a slope voltage control. The exclusive

use of a proportional term does not offer the possibility

to adjust the dynamic response of the system. This feature

can be achieved by adding an integral term to constitute
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Figure 2. Reactive power injection methods: (a) constant reactive power reference, (b) constant voltage regulation, (c) slope voltage regulation.
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Figure 3. Slope voltage control schemes: (a) proportional, (b) proportional-
integral, (c) integral with proportional feedback.

a proportional-integral scheme, as shown in Fig. 3(b). This

configuration allows to adjust the dynamic response by the

proper design of the control parameters. However, as discussed

in [30], in scenarios in which multiple inverters operate in

parallel, the stability of proportional-integral schemes becomes

a critical issue. Typically, this configuration is very sensitive

to the accuracy of the measurements and for this reason, any

slightest measurement error will be integrated causing hunting

phenomena, the cumulative integration of small measurement

errors in distributed systems, leading to the instability [31].

An alternative for this is the integral with proportional

feedback-based scheme, depicted in Fig. 3(c). This configura-

tion provides an adjustable dynamic response with a degraded

voltage regulation, as described above [15].

The control law of this scheme can be expressed in Laplace

domain as

Q∗ =
ki

s+ kikq
(V ∗ − V ) (2)

where ki is the gain of the integral controller, kq is the pro-

portional feedback gain that provides the slope characteristic

and s is the Laplace operator.

Notice that the control law in (2) indicates that this con-

figuration behaves as a proportional control with a low-pass

filter. This means that although the dynamic response can

be adjustable by a proper control parameters design, this

alternative does not suffer from the critical instability issues

of the proportional-integral distributed systems.

In the next Section, the modeling of the system is presented

with the aim of analyzing its characteristics and limitations.

III. SYSTEM MODELING

The system modeling is based on the averaging approach

presented in [21]. This modeling contains the information of

the dominant poles related to the slow time-varying variables

of the system (for this reason, the dynamics related to the

inner loops are not considered). Using it as a starting point,

the steady-state expression that determines the operating point

is obtained. Around this point, the small-signal model is

derived and the control transfer function presented. Once these

expressions are obtained, the characteristics and limitations of

the static slope voltage control are discussed.

A. Modeling of the Grid-connected DG System

The diagram presented in Fig. 4 represents a DG connected

to the grid. As previously discussed, the DG behaves as a

power-controlled current source, which exports the active and

reactive power references P ∗ and Q∗. The differential equation

that relates the PCC and grid voltages can be expressed as

Lg

di

dt
= v − vg (3)

where

v = V cos(ωt) (4)

vg = Vg cos(ωt+ φ). (5)

Without loss of generality, the phase angle of the PCC voltage

is considered to be zero and the phase between the PCC and

the grid is φ.

A perfect tracking between the reference current and the

injected current is assumed. Therefore, from (1) and (4), the

injected current can be expressed as

i =
2

3

P ∗

V
cos(ωt) +

2

3

Q∗

V
sin(ωt). (6)

The main objective of the slope voltage control is to roughly

regulate the PCC voltage amplitude, which is a slow time-

varying variable. Thus, it is possible to derive a low-frequency

model using the procedure described in [21]. By inserting

(4), (5) and (6) in (3) and applying the aforementioned
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Figure 4. Circuit model of the grid-connected DG.

modeling procedure, the simplified averaged model of the grid-

connected DG is obtained as

Vg = V −
2Lg

3V

(

Q∗ω +
dP ∗

dt
−

P ∗

V

dV

dt

)

. (7)

Further details of the derivation of (7) are given in Appendix

A. From this non-linear expression, the steady-state and small-

signal models of the power system can be derived as presented

in the following subsection.

B. Steady-State and Small-Signal Modeling

In order to extract the equivalent dynamic model of the

power converter, small-signal theory is employed. The deriva-

tion of the main equations is obtained according to the

procedure presented in [22]. The variables of interest of the

small-signal analysis are the PCC voltage amplitude V and

the injected reactive power Q∗. Then, they can be expressed

decomposed in quiescent values and small-signal variables as

V = V + v̂ (8)

Q∗ = Q
∗

+ q̂∗ (9)

where the variables with superscript ¯ denote the steady-state

values and the superscript ˆ identifies the small-signal varia-

tions. The other variables in (7) are external disturbances and,

then, they do not affect the system stability. For this reason,

the small-signal variations are omitted in these variables

Vg = V g (10)

P ∗ = P
∗

. (11)

By substituting (8)-(11) into (7), a mathematical model

with small-signal and quiescent variables is obtained. Taking

the quiescent values separately, the following relationship is

deduced

V = V g +
2

3

ωLg

V g

Q
∗

. (12)

As expected, in this expression it is possible to observe how

the reactive power can regulate the PCC voltage amplitude.

Note also that this regulation is based on a proportional

relation according to the value of the grid inductance Lg .

The small-signal transfer function can be derived by dis-

regarding the steady-state and the second-order small-signal

terms [32]. In Laplace domain, the reactive-power-to-voltage

transfer function is written as

G(s) =
v̂

q̂∗
=

ωV

P
∗

1

s+
3V (2V−V g)

2LgP
∗

. (13)

Note that this transfer function represents a first order

system with a high frequency pole. This is due to the low

power of the inverter in relation to the short-circuit power of

the installation, which makes it a high-frequency pole even

in the worst case scenario, i.e., when the inverter supplies its

maximum power; see (13). Using the data of the experimental

setup of Section V, it is observed that this pole is more

than 5000 times larger than the dominant low-frequency pole

of the closed-loop system in all the considered tests. Thus,

the reactive-power-to-voltage transfer function (13) can be

simplified as

G(s) ≃
2

3

ωLg

2V − V g

. (14)

C. Closed-Loop Modeling

Fig. 5 shows the small-signal block diagram of the system.

The transfer function of the slope voltage controller H(s) can

be rewritten from (2) as follows

H(s) =
q̂∗

v̂∗ − v̂
=

ki
s+ kikq

. (15)

Thus, from (14) and (15), the closed-loop transfer function

of the system is obtained as

v̂

v̂∗
(s) =

2

3

ωLg

2V − V g





ki

s+ ki

(

kq +
2
3

ωLg

2V−V g

)



 . (16)

Note that the resulting model is a first-order transfer func-

tion. Particularly, it is a low-pass filter function with a cross-

over angular frequency ωc of

ωc = ki

(

kq +
2

3

ωLg

2V − V g

)

. (17)

In the next subsection, the characteristics and limitations of

the slope voltage control are discussed, based on the obtained

expressions.

D. Static Slope Voltage Features

From (2), the control law in steady-state is deduced as

V = V ∗ − kqQ
∗

. (18)

Note that only the control parameters V ∗ and kq appear in the

steady-state solution. From a control design viewpoint, these

parameters can be selected to provide a desired steady-state

operation.

Once these parameters are set, the dynamics of the control

response, which is related with the value of ωc, depends

mainly on the selection of ki. As shown in (17), variations

in the grid impedance affect the dynamics of the control

response if ki is assumed as a static parameter. In large power

systems, changes in the grid impedance are almost negligible.

However, in distributed power systems, the variations in grid

impedances are not negligible because they can degrade the

design and performance of the DG’s control strategies or even

compromise the stability under certain circumstances [33].
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Figure 5. Block diagram of the small-signal model of the grid-connected
converter.

The contributions in modeling of grid-feeding inverters

presented in [21] and [22] allowed to identify this limitation

of the static slope voltage control. Considering this, the

next section presents a control proposal that overcomes this

feature by introducing an adaptive characteristic. The proposal

provides robustness to the transient response to variations in

grid operation and, therefore, improves the performance of this

type of controller in a simple but effective way that had not

previously been presented in the literature.

IV. PROPOSED CONTROL

In this section, the proposed control architecture, the grid

estimation method and the design considerations are presented.

A. Control Architecture

The proposed slope voltage control is based on an adaptive

integral with proportional feedback-based scheme, similar to

the one depicted in Fig. 3(c). However, the parameter ki is

replaced by the adaptive gain k
′

i calculated as follows

k
′

i =
ω

′

c
(

kq +
2
3

ωLg(t)

2V−V g

) (19)

where ω
′

c is the constant cross-over frequency which is re-

sponsible to fix the settling time of the system

ts ≃
5

ω′

c

. (20)

In addition, Lg(t) is the real-time estimation of the grid

impedance and variables as Vg , V and ω are measured or cal-

culated. The possibility of adapting k
′

i according to measured

variables and desired parameters enhances the transient perfor-

mance against changes in the system operation. Particularly,

allows to guarantee a desired settling time even in the presence

of grid impedance variations, without affecting the steady-state

operation points. This characteristic is favorable in terms of

the stability of the DG operation. By controlling the time of

response, it is possible to decouple the control strategy from

any other layer in the framework of a hierarchical control.

Also, as discussed above, this feature can be adapted to

different implementation scenarios for the strict fulfillment of

the grid codes requirements.

B. Grid Impedance Estimation Method

The online estimation of the grid impedance is useful for

islanding local detection and to guarantee a good performance

of adaptive control strategies as the proposed in this work

[34]. Grid impedance estimation strategies can be classified

in two main groups: passive and active methods. On the

one hand, passive methods (non-intrusive) are characterized

by estimating the network impedance using measurements

already presented in the system, reducing its impact on the

grid operation [35]–[37]. These methods offer accurate grid

impedance estimations. However, when they are embedded

in non-dedicated platforms, its time of estimation can rep-

resent a limitation for adaptive control purposes. On the other

hand, active methods extract data from the grid injecting

systematic perturbations in different frequencies [38]. Once

the grid responses are sensed, the information is processed and

the grid impedance is estimated using fast algorithms based

on techniques as recursive least-square minimization [39] or

particle swarm optimization [40], among others. Advances in

active methods have allowed a considerable reduction in the

time response of estimation and, for this reason, these are the

most appropriate methods to be implemented together with the

proposed control.

For this study, the method selected for the implementation

is the presented in [39]. This method is based on an algorithm

introduced by the authors in [41] and [42]. After a pre-

processing stage in which the negative sequence is eliminated

and the signals are converters to dq rotating synchronous refer-

ence frame using a grid synchronization block, the estimation

is reduced to a linear regression problem in the complex field.

Once at least two measurement points have been gathered, the

algorithm finds the best-fit parameters solving a minimization

error function. This method offers a light computational charge

due to the simplicity of the regression problem leading to

accurate and fast estimations.

In general, the control strategy presented in this paper can

be implemented with any type of grid impedance estimation

method as long as it has an estimation response sufficiently

rapid so that the dynamics are not at risk of coupling. As a

design guide, it is recommended to select a method with an

estimation response time less than a quarter of the expected

settling time of the control strategy.

C. Design Considerations

The proposed control scheme has three design parameters

that determine the steady-state operation point and the dy-

namics of the control response: V ∗, kq and ki. In the next

subsections, design considerations to calculate these parame-

ters are presented. This procedure is based on the previously

derived simplified model.

1) Design of Steady-State Control Parameters: In general,

the design of the steady-state control parameters is done for

determined nominal conditions. In this work, the slope voltage

control will be selected in order to follow the behavior shown

in Fig. 6, where is expected a nominal operation point with

a reactive power injection equal to Qmax/2. The maximum

value of reactive power Qmax, is dependent on the active

power supplied, Qmax = f(P ), and can be calculated as

Qmax =
√

S2 − P 2
max (21)

where S is the apparent power capacity of the inverter and

Pmax is the maximum active power production of the power

source. Thus, according to Fig. 6, the reference voltage V ∗

can be set as

V ∗ = Vmax (22)
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Figure 6. Static diagram showing the desired behavior of the system in steady-
state.

and, considering (12), expressed as

V ∗ = Vmin +
2

3

ω0Lg0

Vmin

Qmax (23)

where ω0 and Lg0 are the nominal values of frequency

and grid impedance, respectively. It is important to highlight

that the selection of Vmax must be done considering the

corresponding grid code guidelines. In this way, it is ensured

that the operation of the system will be maintained in the

appropriate range. Considering the small variations of the

operating frequency, for design purposes ω is assumed as ω0.

Additionally, the control parameter kq must be selected

to guarantee the symmetry shown in Fig. 6. This parameter

determines the slope of the control law (in dashed line). To

locate the equilibrium point in the middle of the operating

range, kq should be calculated as

kq =
∆V

∆Q
(24)

where ∆V is the expected voltage deviation and ∆Q is

the maximum reactive power injection (Qmax, in this case).

Hence, following these design conditions and using (22) and

(23), the parameter kq can be calculated as

kq =
Vmax − Vmin

Qmax

=
2

3

ω0Lg0

Vmin

. (25)

2) Adaptive Control Parameter: As indicated above, k
′

i

is a control parameter that depends on ω
′

c. This parameter

must be selected at least one decade below the grid frequency

because it is desired to: a) avoid interference with the current

control loop of the inverter and b) reject harmonics and noise

in the grid voltage. Using this design guideline and the grid

impedance estimation, a robust transient response is obtained,

as verified experimentally in next Section.

V. EXPERIMENTAL RESULTS

A low-rated power experimental prototype was built using

a 2.24-kVA GUASCH three-phase bridge as power converter,

an LCL filter, and inductors modeling the grid, following the

scheme presented in Fig. 1. The power source was emulated

using an AMREL-SPS-800-12 DC-source and the utility grid

by means of a programmable three-phase Pacific AMX-360

AC-source. A Texas Instruments TMS320F28335 floating

Table I
SYSTEM PARAMETERS AND DESIGN SPECIFICATIONS

Symbol Description Value

S Converter rated power 2.24 kVA

Pmax Maximum active power production 2 kW

Qmax Maximum reactive power 1 kVAr

Vdc DC-link voltage 400 V

VgN Grid voltage 110
√
2 V

ω0 Grid frequency 2π 60 Hz

Li LCL inverter side inductance 5 mH

C LCL capacitor 1.5 µF
Lo LCL grid side inductance 2 mH

Lg0 Nominal grid inductance 2.5 mH

fs Sampling frequency 10 kHz

fsw Switching frequency 10 kHz

ω
′

c Cross-over angular frequency 2π rad/s

V ∗ Voltage reference 1.026 p.u.

kq Slope gain 0.004 Ω/V

ki Static integral gain 787.78 A/s

point digital signal processor was used as control platform.

The current reference is generated following (1). Proportional-

resonant controllers are used in the inner current loops [43].

The experimental setup is shown in Fig. 7.

The nominal values of the system parameters and de-

sign specifications are listed in Table I. Qmax is calculated

using the maximum active power which can generate the

power source and the rating of the converter. Then, in nom-

inal conditions, it is desired a reactive power injection of

Qmax / 2 = 500 VAr. The cross-over frequency is selected

as ωc = 2π rad/s, which is more than one decade below the

grid frequency and three decades below to the current loop

bandwidth (≈ 2π 1300 rad/s). According to this value of ωc,

it is expected a settling time of approximately ts= 0.8 s.

In the first part, experimental results of the constant reactive

power reference method and the constant voltage regula-

tion method are presented. Then, the static slope voltage

is analyzed under different grid voltages and different grid

impedances. Next, the proposed adaptive slope voltage control

is tested. Finally an analysis of the impact of resistive grid

impedances over the dynamic properties of the proposal is

performed.

All the tests start with the control strategies disabled, to

appreciate the voltage imposed by the grid. At t = 0.4 s,

the control is activated leading to a transient response until

steady-state operation values are reached. When it is the case,

the impedance estimation method in [39] is also activated at

t = 0.4 s. The control parameters ki, V
∗ and kq are calculated

from (19), (23) and (25). In some tests, a slight ripple in

the reactive power is noticed. However. since its peak-to-peak

value corresponds to less than 1% of the nominal reactive

power, it is considered negligible over the static and dynamic

properties of the system.

A. Constant Reactive Power Reference

First, the constant reactive power reference control was

implemented. Three scenarios of Vg have been programmed

in the AC source in order to verify the system operation:

Vg = 1.018 p.u. represented with the red line, a nominal



7

Figure 7. Experimental setup.
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Figure 8. Transient response of the constant reactive power reference control
for different grid voltage Vg values. Top: output voltage. Bottom: reactive
power.

value of Vg = 1 p.u. represented with the blue line and

Vg = 0.982 p.u. represented with the yellow line. A constant

value of grid inductance (Lg0 = 2.5 mH) was used in all the

cases. For this test, a reactive power reference Q∗ = 500 VAr

was selected.

The experimental results are presented in Fig. 8. As it can

be seen, in the three cases the injected reactive powers follow

the reference in an accurate manner. The fixed reactive power

reference produces a proportional increase in the PCC voltage,

which can lead to undesired operation points according to the

value of Vg . For this particular case, the scenario represented

with a red line (Vg = 1.018 p.u.) suffers a voltage increase
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Figure 9. Transient response of the constant voltage regulation control for
different grid voltage Vg values. Top: output voltage. Bottom: reactive power.
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Figure 10. Performance of the static slope voltage control for different grid
voltage Vg values. Static diagram.

which leads the operation point at the limit of the desired

boundaries (1.03 p.u.).

B. Constant Voltage Regulation

Next, the constant voltage regulation was implemented. The

same Vg scenarios of the previous test were considered, as well

as the value of the grid inductance. For this test, a voltage

reference V ∗ = 1.005 p.u was selected.

The experimental results are presented in Fig. 9. As dis-

cussed in subsection II-B, usually this technique requires a

large range of reactive power to satisfy the voltage objective,

which can lead to operational points close to the maximum

reactive power capacity (as is the case of the scenario repre-

sented with yellow line, Vg = 0.982 p.u.) or, in some cases,

to the impossibility of reaching the control objectives.

C. Static Slope Voltage Control

Next, a test using the static slope voltage control was

performed. Again, the same Vg scenarios and grid inductance

were considered. Fig. 10 presents the modeling of the system

performance. The diagram allows to appreciate the expected

operation points.

The experimental results of the transient responses are

shown in Fig. 11. The blue line (Vg = 1 p.u.) corre-

sponds to a operation point with a reactive power injection of
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Figure 11. Transient response of the static slope voltage control for different
grid voltage Vg values. Top: output voltage. Bottom: reactive power.
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Figure 12. Performance of the static slope voltage control for different Lg .
Static diagram.

Q = 500 VAr, as determined in the design procedure. A PCC

voltage of 1.0125 p.u. is obtained. For the other implemented

values of Vg the control law dictates a reduction or an increase

of the reactive power injection according to the grid voltage.

Particularly, for the red line (Vg = 1.018 p.u.) an operation

point with V = 1.022 p.u. and Q = 150 VAr is obtained.

In the other case, for the yellow line (Vg = 0.982 p.u.) an

operation point with V = 1.003 p.u. and Q = 850 VAr is

obtained. Experimental results presented in Fig. 11 coincide

precisely with the expected operation points, showing the

accuracy of the system modeling.

In all tests, the settling time is approximately 0.8 s, as

expected according to the fixed ωc. This fact shows that a

desired dynamic response can be guaranteed regardless the

PCC voltage amplitude.

D. Static Slope Voltage Control Under Different Grid

Impedances

In the next test, the static slope voltage control was eval-

uated under different grid impedances. Three inductances

Lg were tested: 0.8 mH, 2.5 mH, and 5 mH. Similarly to

the previous test, Fig. 12 and 13 present the modeling of

the system performance and the experimental results of the

transient responses. The design of the control parameters was

done using the nominal grid impendance, i.e., Lg0 = 2.5 mH.
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Figure 13. Transient response of the static slope voltage control for different
Lg values. Top: output voltage. Bottom: reactive power.
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Figure 14. Estimated values of the grid impedance using the technique
presented in [39].

Fig. 12 shows the operation points. Variations on the

impedance produce different slopes in the system performance

without affecting the control law. For Lg = 5 mH, an operation

point with V = 1.017 p.u. and Q = 350 VAr is obtained

while for Lg = 0.8 mH, the operation point achieved is

V = 1.005 p.u. and Q = 800 VAr. Regarding the nominal

impedance, Lg = 2.5 mH, the same operation point of

previous test was achieved. The modeling of these operation

points shows how an increase in the value of Lg produces an

increase in the PCC voltage with a corresponding reduction in

the reactive power injection.

Fig. 13 shows the transient responses. Due to the changes

in the grid impedance, variations on the settling time are

observed. Particularly, with Lg = 5 mH and Lg = 0.8 mH the

settling time are approximately 0.4 s and 1.3 s, respectively.

These values agree with the theoretical ones calculated using

(20). Note that the variations of Lg affect the time response

of the control strategy, which corresponds to an undesired

dynamic performance.

E. Proposed Adaptive Slope Voltage Control

In the last test, the proposed adaptive slope voltage control

was evaluated. As explained in Section IV, the value of the

parameter k
′

i was updated according to (19) using a grid

impedance estimation technique [39]. In Fig. 14 the estimated

values are presented. The same inductances Lg of the previous

test were implemented (0.8 mH, 2.5 mH and 5 mH).
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Figure 15. Transient response of the adaptive slope voltage control for
different Lg values. Top: output voltage. Bottom: reactive power.

Fig. 15 presents the transient responses. The results show

how the adaptive control allows to obtain a settling time of

0.8 s in all the tests. The operation point values are equal

to those obtained in the previous test, considering that the

parameters kq and V ∗ were not modified. Note that the effect

on the system dynamics produced by the transient in the grid

impedance estimation is almost negligible. The main reason

is that this transient is seen as a high frequency noise which

is rejected by the behavior of the low pass filter expressed in

(16).

In this way, the proposed control overcomes the issues

related to the dynamic response that the changes in the grid

impedance can generate. The proposed solution not only

is characterized by its simplicity, but also for its accurate

operation performance.

F. Impact of Resistive Grid Impedance over Dynamic Proper-

ties

As discussed in Section II, the modeling presented in this

paper was based on the assumption that the grid impedances

are mostly inductive. However, this may not be applicable in

all cases for distributed systems. Considering this, the impact

of resistive grid impedances over the dynamic properties of

the proposal is analyzed in this section.

As can be seen in the previous experimental results, the

adaptive characteristic proposed in this paper provides the

slope control with robustness against variations in the grid

impedance, which translate into the possibility of ensuring

a constant settling time. Thus, to analyze the impact that

the resistive component of the grid impedance may have on

this characteristic, different combinations of resistance and

inductance were tested to measure the settling time changes.

The values are listed in Table II, in which is also present the

Rg/Xg ratio.

The experimental results are shown in Fig.16. On it, differ-

ent values of Rg/Xg (depicted in colors according the value of

Lg) are contrasted with their corresponding settling times. The

discontinuous line emphasizes the proportional relationship

Table II
CONSIDERED VALUES FOR THE GRID IMPEDANCE

Lg Rg Ratio Rg/Xg

0.8 mH 0.25 Ω 0.8289

2.5 mH 0.25 Ω 0.2653

2.5 mH 0.5 Ω 0.5305

2.5 mH 1 Ω 1.061

5 mH 0.25 Ω 0.1326

5 mH 0.5 Ω 0.2653

5 mH 1 Ω 0.5305

5 mH 1.5 Ω 0.7958
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Figure 16. Rg/Xg grid impedance ratio vs. settling time of the proposed
control.

that Rg/Xg has with the response time. If a maximum of 15%

variation in settling time is is allowed, then the proposal can

work correctly in scenarios with Rg/Xg ratios of up to 0.4.

Higher values cause an unacceptable increase in the response

time.

VI. CONCLUSIONS

This paper presents an adaptive slope voltage control based

on a real-time estimation of the equivalent grid impedance.

The proposal offers an excellent transient performance against

operating variations, guaranteeing a constant settling time re-

sponse without affecting the steady-state operation point. The

main expressions of the proposal are derived from a control-

oriented mathematical model which are also used to present

design considerations for the control parameters. Experimental

results are reported, confirming the accuracy of the modeling

and the performance of the proposal.

APPENDIX

This appendix gives further details of the simplified aver-

aged model of the grid-connected DG.

A. Averaged Model of the Grid-Connected DG

The averaging approach is based on a harmonic balance in

which the large-signal model is approximated considering the

slow variations of the amplitudes of the sinusoidal signals. In

this way, the model can be written in a general form as

f1c cosωt+ f1s sinωt = f2c cosωt+ f2s sinωt. (A1)

From (A1), the averaged model can be derived by equaling

the amplitudes as
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f1c = f2c (A2)

f1s = f2s. (A3)

By inserting (4), (5) and (6) in (3), the large-signal model

general form is obtained, where

f1c = Vg cosφ (A4)

f1s = Vg sinφ (A5)

f2c = V −
2Lg

3V

(

Q∗ω +
dP ∗

dt
−

P ∗

V

dV

dt

)

(A6)

f2s =
2Lg

3V

(

dQ∗

dt
− P ∗ω −

Q∗

V

dV

dt

)

. (A7)

Then, applying harmonic balance, the average large-signal

model is obtained as

V 2
g =

(

V −
2Lg

3V
(Q∗ω +

dP ∗

dt
−

P ∗

V

dV

dt
)

)2

+

(

2Lg

3V
(
dQ∗

dt
− P ∗ω −

Q∗

V

dV

dt
)

)2
(A8)

Notice that the right-hand side of (A8) is composed by two

terms. The first of them includes the amplitude V which makes

this term considerable higher than the second one. For this

reason, neglecting the second term in front of the first term

can be considered as an appropriate assumption. Thus, the

simplified model can be rewritten as is expressed in (7).
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