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Abstract—In the growing context of integrating renewable
sources and storage system in the electric grid, the virtual
synchronous machine (VSM) concept represents a valid solution
to embed grid support functionalities in grid-tied converters. The
knowledge of grid impedance is required to exploit properly
the VSM features in providing grid ancillary services, such as
inertial behavior, harmonics compensation, as well as short circuit
current injection during faults. Therefore, this paper proposes
a closed-loop grid impedance estimator that is integrated into
the VSM algorithm. The grid resistance and grid inductance
estimations are performed in real-time, thus avoiding the data
post-analysis that is usually required by methods available
in the literature. The proposed solution leverages the VSM
dependency on grid parameters when an amount of power is
directly injected into the grid, without being processed by the
VSM itself. The proposed estimator inherently rejects the noise
on voltage and current measurements, thus providing reliable
results for converter real world operating conditions affected by
disturbances. Experimental tests on a 15 kVA grid-tied inverter
are provided to validate the proposed solution.

Index Terms—Grid impedance estimation, closed-loop integral
estimator, virtual synchronous machines (VSMs), grid support,
grid-connected inverters.

I. INTRODUCTION

In the recent years, the integration of renewable energy
sources into the grid is increasing worldwide, challenging the
power system correct operation. Indeed, the grid stability must
be guaranteed even in electrical systems with low inertia,
where most of the power is provided by renewable power
generators interfaced to the grid through static converters.
The implementation of virtual synchronous machine (VSM)
algorithms into the inverter control is a well-known solution to
make the static converter behave as a traditional synchronous
generator (SG), thus performing grid support and contributing
to the power system stability [1-2]. Indeed, a VSM-driven
inverter is enabled to provide the key ancillary services nor-
mally in charge of SGs, such as primary frequency and voltage
regulation, inertial behavior, reactive support during faults,
harmonic compensation and islanding capabilities [3].

As well as for SGs, the VSM operation is influenced by the
grid impedance, which affects the power transfer capability
and the local stability [4]. Therefore, the knowledge of grid
impedance is needed for proper tuning of the VSM main
functional blocks that are depicted in Fig. 1. Indeed, the
grid inductance impacts on the damping of the active power
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loop controller [5] and the dynamic response of the reactive
control [6]. Moreover, VSMs exhibit a coupling between
active and reactive power in resistive systems [7] and some
of the decoupling solutions proposed in the literature require
a correct grid resistance estimation to properly compensate
for the line resistive behavior [8]. Finally, the grid impedance
estimation is also useful to properly tune the inverter current
control [9]. According to the above-mentioned reasons, an
accurate grid impedance computation is needed to adapt VSM
parameters during operation.

The online local impedance estimation through grid-tied
inverters is a research topic covered exhaustively in the lit-
erature [10]. Conventional local grid impedance estimation
techniques rely on injecting controlled perturbations into the
grid with subsequent frequency domain analysis of voltage
and current response. For instance, a sinusoidal interharmonic
of 75 Hz is injected in [11], while the network is excited
with the non-characteristic frequencies of 400 and 600 Hz in
[12]. Instead, an impulsive disturbance is injected in [9,13-
14], thus enabling the grid impedance estimation in a wide
range of frequencies. While ensuring high accuracy, these
methods imply heavy data processing based on discrete Fourier
transform (DFT). Moreover, the grid harmonic distortion in-
creases and the compliance with international standards can
be affected [15]. Other techniques leverage a variation of the
active-reactive power references to modify the operating point
and extract information about the network parameters, which
are computed with algebraic tools at the end of the process
[16]. They require a limited network disruption and offer a
trade-off between accuracy and simplicity in implementation.
However, P-Q reference variations result in a load angle
deviation, which implies a rotation of the (d,q) synchronous
reference frame during estimation. Therefore, in case of (d,q)
controlled power converters, the grid parameters computation
is negatively affected and the results accuracy reduces. An
estimation improvement is obtained by increasing the number
of investigated operating points to limit the effects of load an-
gle deviation, at the cost of additional execution time [17-18].
The method proposed in [19] estimates the grid impedance by
exciting the resonances of LCL filters used for grid interfacing.
However, such an approach can result safety critical due to
resonance amplifications. Moreover, it can affect the operation
of other locally connected loads and converters.
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Fig. 1. VSM model embedded with the proposed grid impedance estimator (red highlighted). The VSM interfaces the grid and the integrated power injection
block (orange highlighted) used for grid impedance estimation, which references are directly provided to the inverter current control.

Recent papers focused on the grid impedance estima-
tion through grid-forming power converters [20-21]. A non-
invasive technique is presented in [20]. However, the opera-
tion at zero active or reactive power reference is requested
to estimate when the grid-tied inverter is power controlled.
Furthermore, a Kalman filter is implemented to reject the
noise and measurement errors, thus improving the estimation,
while increasing the algorithm complexity and the computa-
tional effort. The method proposed in [21] requires only the
active power variation to perform both the inductance and
resistance estimation. Moreover, the phase error due to the
load angle deviation during estimation is compensated and the
method accuracy is improved. However, the grid impedance
is computed through algebraic tools, thus resulting sensitive
to the noise on current and voltage measurements. Although
several algorithms are proposed in the literature to estimate the
grid parameters through grid-tied power converters [9-21], no
method directly exploits the VSM equations to perform a real-
time grid impedance estimation. Consequently, the integration
of additional algorithms into the inverter control is also needed
in case of VSM-driven inverters, thus increasing the overall
control algorithm complexity.

Therefore, this paper proposes a VSM-based closed-loop
integral estimator, leveraging the VSM dependency on grid
parameters when an amount of power is directly injected into
the grid through the inverter current control, without being
processed by the VSM (Power Injection Block in Fig. 1). The
proposed method is implementable in any VSM with excitation
control loop [1-2]. Compared to the solutions in the literature,
the proposed algorithm does not require data post-processing,
either with DFT or with algebraic calculations. In fact, the grid
parameters are real-time estimated with reduced computational
burden. Furthermore, the execution time is limited, since only
a single power reference variation is requested to estimate

the desired grid parameter. Moreover, the proposed integral
estimator behaves as a low-pass filter, thus inherently rejecting
the noise on current and voltage measurements and directly
providing filtered results. Indeed, implementing improved fil-
tering methods (i.e., Kalman filters) for better noise rejection is
not needed, thus limiting the estimation computational effort.
The estimator cut-off frequency and the procedure duration
are settable by properly tuning the estimator integral gain.
Finally, the proposed method requires a small amount of power
injection (< 0.1 pu) to obtain accurate results, with errors
lower than 5%.

This paper is organized as follows. The functional blocks of
the adopted VSM model are provided in Section II. Section III
describes the linearized electrical model used to investigate
the VSM dependence on grid parameters. Next, the proposed
VSM-based closed-loop estimator is introduced in Section IV.
Section V provides the experimental results on a 15 kVA setup.
Section VI concludes the paper.

II. VSM MODEL

The block diagram of a current-controlled inverter with
VSM control is depicted in Fig. 1. The VSM is embedded with
the proposed grid impedance estimator and it interfaces the
grid and the power injection block needed to add the external
perturbation to perform the estimation. The VSM directly
provides the current reference ¢, to the inverter controller, thus
injecting the desired active and reactive powers P,-@Q), into the
grid. Instead, the current 7, ; is calculated from the external
* ¥ . and the voltage v., measured across

references P, ., (7,;
inj 1s directly injected

the filter capacitor Cy. The current %
into the grid through the inverter current control during the
grid parameters estimation process. The VSM consists of the

following functional blocks:
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Fig. 2. Single phase electrical circuit of VSM interfaced to the grid and the
injected current source.

e Power Calculation: This function computes the VSM
virtual active power P, and reactive power @), by multi-
plying the virtual current ¢, and v.;

o Mechanical emulation: The block emulates the mechan-
ical behavior of the VSM. It integrates the equation
describing the motion dynamics of conventional SGs:

dw

P, —P,=2H— 1
v pr D

where P is the active power reference, H is the inertia
constant and w is the virtual rotor speed. Moreover, this
block provides the orientation of the current controller 6;

o Excitation control: This feature regulates the VSM ex-
citation flux \? to provide the desired @, according to
the reactive power reference (. VSMs in the literature
feature different reactive control solutions, such as models
of the excitation winding of a real SG [22], droop-based
proportional gain controllers [23], purely integral [24] or
proportional-integral regulators [5];

o Grid Impedance Estimator: This block provides the grid
impedance estimation. It computes the two terms A\g,
and AMp , respectively added to A in case of grid
resistance and inductance estimation. An exhaustive ex-
planation of this block will be provided in Section IV;

e Electrical Equations: This function implements the vir-
tual stator of the VSM. It provides the virtual current 7,
by receiving as inputs v,, w, § and the resulting excitation
flux A..

The single phase equivalent circuit of Fig. 2 describes
the interaction of the VSM with the grid and the injected
current source. Since the inner current control loop is several
order of magnitude faster than the VSM dynamic response,
it is simplified as ideal, with a unity gain transfer function.
Therefore, the inverter output current ¢; is considered equal to
the reference i} = 4, + 4;,,, as well as the injected current

III. LINEARIZED VSM ELECTRICAL MODEL

The steady state equivalent circuit in the (d,q) rotating
reference frame is obtained by neglecting the derivative terms
(Fig. 3). A, is aligned to the d-axis in the adopted (d,q)
reference frame (Fig. 4). The grid inductance L4 and the grid-
side LCL filter inductance L ¢, can be merged in an equivalent
series Ly 4. The steady-state electrical equation of the system
in the g-axis is here reported:

Fig. 3. Steady state equivalent circuit in the (d,q) reference frame rotating at
w. Uy is neglected and an equivalent Ly cq = Ly + L4 is considered.
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Fig. 4. Diagram of VSM excitation flux and grid voltage vectors in the (d,q)
reference frame rotating at w. ¢ is the load angle.

wWAe = Ry ty,g+why iy g+ Ry igqtwly eqigategq (2)

where 4, is the grid current, e, is the Thevenin equivalent grid
voltage, while R,, L,, R, and L, ., are the VSM and grid
resistive and inductive elements. 7, can be substituted with
i; = 4y + 1inj, by neglecting the LCL filter capacitance C.

Therefore, assuming small variations around the operation
point (w ~ 1 pu), the per unit linearized equation in the q-axis
is obtained as follows:

AN, = (Rv + Rg) . Aiv’q + Rg . Aiinj)q

3
+ (Lo + Ly eq)  Dipa+ Lg eq - Diinja+ Degq ®)

Eq. (3) demonstrates an interaction between the VSM and
the injected current A;,,;. Moreover, the active and reactive
power exchange between the injected current source, the VSM
and the grid can be expressed as:

Pinj = veyg - ting,q + Ve,d * ting,d 4
Qing = Ve,q * Tinj,d — Ve,d * bing,q )
Py, =vc,q tv,g+ Ved - to,d 6)
Qv = Ve,q  Ty,d — Ve,d * fuyg (N

Assuming the voltage v. mainly aligned to the g-axis
(Fig. 4), (4)-(7) are simplified as:

}Dinj = Ve,q Z‘inj,q (8)

Qinj = Veyq iinj,d (9)
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Fig. 5. Block diagram of the VSM excitation control integrating the proposed closed-loop estimator. The model is presented both in case of inductance (a)

and resistance (b) estimation.
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(1)

According to (8), (9), Ai;yj4 is obtained by varying the
active power Fj,;, while A4;,;4 by varying the reactive
power Qinj. When Pj,; or Q;n; is injected into the grid,
the mechanical emulation block limits the P, perturbation (1).
Consequently, according to (10), the deviation of ¢, 4 in (3) is
cancelled. Instead, Ai, 4 can be compensated in (3) by adding
to the excitation flux A, an extra term A\, dependent on grid
parameters and proportional to the injected currents Ad;p; g
and A, 4. Assuming constant grid voltage (Aegy 4 ~ 0), the
needed A\, to cancel Ai, 4 is:

Qv = Ve,q * ,d

AXe = Ry - Nijnjg+ Lg eqg - Diinga (12)

Two different terms are derived from (12):
AALQ = Lg eq ” Aiinj,d (13)
AAr, = Ry - Diinjq (14)

where A)r, and AAg, are the needed amounts of extra
excitation flux to limit Ai, 4 respectively in case of ();,; and
P;,,; injection.

Therefore, a grid parameter estimator algorithm can be
designed to take advantage of the grid parameters influences
on the VSM reactive control loop, when an amount of active or
reactive power is injected into the grid without being processed
by the VSM itself.

IV. PROPOSED ESTIMATION METHOD

The proposed closed-loop integral estimator algorithm is
embedded into the VSM excitation control (Fig. 5). It can
provide both the total grid inductance Eg eq (Fig. 5a) and the
grid resistance Rg (Fig. 5b) according to which injected power
reference is varied. Throughout the estimation procedure, the
VSM power references P, ()% are maintained constant.

Considering the g-axis electrical equation (2) and the sim-
plified formula of reactive power (11), the excitation control
feedback diagram of Fig. 5 is then obtained. When the injected
power reference varies, the excitation control is disabled, while
the estimator is triggered, taking over the task of regulating the
reactive power. Moreover, the reactive power reference during
estimation ()}, .., is set equal to the latest value of @), acquired
before the estimation procedure is performed. Therefore, the
desired @Q,, previously regulated by the excitation controller,
is also guaranteed during the entire estimation process.

When @;y; is injected, the integral estimator provides the
additional excitation flux A)r  needed to limit the Q,-iy g
deviation. Then, I~/g eq 18 computed according to (13). Instead,
AR, is calculated when a P;,,; injection is performed. Rg is
thus obtained from (14). The tuning procedure is independent
on the estimated grid parameter. The closed-loop estimator
behaves as a low-pass filter and its characteristic equation is
as follows:

S(Ly + Lg eq) + kest - Ve,q =0 (15)

where k.5 is the estimator integral gain.
The system is thus governed by a single pole with the
estimation time constant 7.¢; expressed as follows:



Ly+ Ly cq
kest *Ve,q

(16)

Test =

The time constant 7. is set to the desired value by properly
tuning the closed-loop estimator gain kg :

L, +]zg eq

Test * Vc,q

kest = (17)

Notably, the estimated grid inductance influences the k.s;
computation. Therefore, two different implementation strate-
gies can be adopted: using the latest estimated value, or
neglecting the inductance estimation term in the kes; compu-

tation (i.e., Ly ¢q >~ 0) and accepting a slower response than
the desired one. The real estimation time constant will be:

L, +Lg eq |
LU +L9 eq

As the other P/Q reference variation methods [10], [16-
18], the proposed solution is based on the assumption that
the grid voltage is constant during the estimation procedure
(Aegq ~ 0). Indeed, the integral estimator is not able to
discern whether A, is due to external power injection or grid
voltage deviation. The influence of Ae, , on grid parameters

computation is investigated by analyzing the transfer function
A, .
Aeg q°

Test (18)

Test,real =

Are 1 Kest - Veq (19)
Aeg)q B w S(L’U + Lg Eq) + kest : vc7q

The grid parameter estimation error AZ,, due to Aeg, is
the same in case of grid inductance and resistance estimation.
It can be computed by imposing s — 0 (stationary response
to step variation), assuming w ~ 1 pu and dividing for the
amount of injected current Ad;y;:

AZgrr 1 JAD.
Aegq |40 B Aijn; . Aegql, o
1 1 1 (20)

where Ai;p; = Aispjq in case of grid inductance estimation,
while Ad;n; = Adip; q if the grid resistance is computed.

Therefore, the selected value of Ai;,; to perform estimation
has to be small enough not to disturb the grid-tied con-
verter operation, but sufficiently large to make the estimation
insensitive to Aeg . A value of Ad;,; = 0.1 pu is thus
suggested. Moreover, a low estimation time constant T
reduces the execution time and consequently the risk of grid
voltage deviation while performing the estimation. However,
an improved noise rejection is obtained by increasing Tes;. A
value of 7., in the range of 50-100 ms is therefore chosen to
perform experimental tests, thus limiting the duration of the
procedure while guaranteeing filtered results.

Once the estimation process is completed, the integral
estimator is disabled, while the VSM excitation controller is
reactivated. Then, the new estimated values can be used to

TABLE I
MAIN DATA OF THE EXPERIMENTAL SETUP

Base Values Inverter VSM Grid

Sy 15 kVA Sh 15kVA L, 0.1 pu Lgeq 0.094 pu

Vp 210 Vims Iy 59 A Ry 0.02 pu Rg 0.107 pu

fy 50 Hz Ve 380V H 4 Liest 0.033 pu

Zy 29 Q fsw 10 kHz C 0.7 Riest 0.087 pu
fs 10 kHz 7test 50 - 100 ms

adapt online the gains of the VSM active [5] and reactive [6]
power controllers, or to tune the inverter current regulators [9].

V. EXPERIMENTAL RESULTS

The proposed closed-loop estimation algorithm has been
embedded in the VSM model presented in [24]. The grid-
tied converter is a 15kVA two-level three-phase inverter con-
trolled by a dSPACE 1005 platform with 10 kHz of switch-
ing/sampling frequency. The inverter dc-link is supplied by a
constant voltage source. The implemented reactive controller is
a purely integral regulator. Meanwhile, the lead-lag damping
solution of [25] is integrated in (1) with a desired damping
coefficient = 0.7. Table I collects all the main data.

The VSM-controlled inverter is connected to a 50 Hz, 120
kVA, 210/400 Viy;s line-line transformer through an LCL filter
(Ly = 545 pH, Cy = 22 yF, Ly, = 120 uH), as illustrated
in the scheme of Fig. 6. Moreover, a 300 pH inductor L.,
and a 250 m{? resistor R;.s; can be inserted in series with
the LCL filter to online modify the grid inductance L ., and
resistance I7,.

To provide a benchmark for the proposed estimation
method, the solution presented in [11] is implemented. There-
fore, a non characteristic harmonic current of 75 Hz and
0.3 pu is injected into the grid to obtain an accurate grid
impedance measurement. Then, current and voltage values are
recorded and post-processed in MATLAB through Fast Fourier
Transform (FFT). With L;.s inserted and R;.s; shorted,
the benchmark method computes a total grid inductance
Ly eqtot = Lg eq + Liest = 0.127 pu and a resistance Ry =
0.107 pu. Since Licss and Ryes: are known, Ly oo = 0.094
pu and R;:0t = Ry + Riest = 0.194 pu are obtained.
These results are used as expected values to compare with
the proposed estimator method in experimental tests.

Two different tests validate the grid impedance estimation.
In Test 1 (Fig. 7), the grid inductance and resistance are
estimated with L;.4; inserted and R;.s; shorted, by injecting
respectively @Q,,; = Pj,; = 0.1 pu and selecting 7es; =
50 ms. The test is performed while the VSM is providing no
power (P = Q% = 0 pu). However, the proposed estimation
algorithm can be executed with the VSM operating in any
steady state condition. A non negligible ripple ~ 0.05 pu is
observed both on P, and @,. These power deviations can be
attributed to the noise on voltage measurements. Moreover,
this noise is amplified due to the adopted voltage sensing
solution. Indeed, only two phase voltages are measured, while
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Fig. 6. Scheme and pictures of the hardware setup used for the experimental tests.

the third one is reconstructed. Fig. 7 also shows the moving-
average filtered VSM power trends P, fy1¢-Q fir¢ to facilitate
the insight of VSM operation during estimation.

The grid parameter estimation starts at ¢ = 0 s, by setting the
injected power reference to 0.1 pu. At the same time, the VSM
excitation control is disabled, while the integral estimator
takes charge of regulating the reactive power. Since the VSM
is operating at zero reactive power before the estimation is
performed, the estimator reactive power reference is @} ., =
0 pu. According to the VSM linearized model described in
(3), a non negligible @), is absorbed by the VSM due to the
coupling with the Q7 ;-P;,, ; power source. Then, the estimator
provides the needed amount of excitation flux A\; -AXg,
to cancel the (), deviation. k., is computed by neglecting
f/g eq- Therefore, according to (18), Test,rear = 114 ms results
higher than 7.4 by a factor of % = 2.27. The expected
theoretical curves of estimated gridvinductance and resistance
during estimation process can be expressed as follows:

~ t

Lg eq th:Lg eq'(lfe_m) (21)

t

Rg th = R_l] . (1 — 6_ Test,real ) (22)

As it can be observed from Fig. 7, both the curves of
Iig eq and Rg eq deviate from the theoretical values due to
P, fluctuations during grid parameters estimation. Indeed, the
inverter is interfaced to a grid with a non negligible resistive
behavior. Therefore, VSM features a coupling between active
and reactive power [7] and when the reactive power varies, the

active power changes as well. Moreover, the injection of P;,,;
results in a load angle deviation for VSM, which counteracts
by absorbing active power. Although the mechanical emulation
block operates to compensate for P, variations and damp
the oscillations during estimation, the active power control
response affects the duration of the procedure. Therefore,
the execution time may be limited by reducing the inertia
constant H and adapting the damping coefficient ¢ while
performing grid impedance estimation. Despite the large ripple
on virtual reactive power (), the grid parameters estimation
is accurate since the closed-loop integral estimator rejects the
noise. Indeed, it behaves as a low-pass filter, whose cut-off
frequency is as follows:

1 1

cut—off est — = =14H 23
Jeutoff et = G = o 114 s 2 (23)

Finally, the relative estimation errors of €1, = —3.2% and
erg = —4.7% are respectively obtained for grid inductance

and resistance computation.

In Test 2 (Fig. 8), the impedance estimation method is
performed while an external inductor L;.s; or resistor Ryest
is online inserted in series with the LCL filter. The estimation
time constant 7.4 is set to 100 ms. The Ly ., computation
in case of L. insertion is shown in Fig. 8a. Before the
test (i.e., t < 0 s), the injected power reference (7, ; is set
to 0.1 pu, while the VSM excitation controller is disabled.
At t = 0 s, the estimation algorithm is enabled and a first
computation is performed. At ¢t ~ 3.6 s, L;qs; is inserted and
the estimator, still enabled, immediately computes the new
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Fig. 8. Results of Test 2: grid inductance (a) and resistance (b) estimation by respectively setting the external references Q*n- = 0.1 and P} i = —0.1
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inductance value. Accurate and filtered results are obtained is set to —0.1 pu to validate the proposed algorithm even
without (e, = —1.1%) and with (er, = +1.6%) inserted in case of power absorption from the grid. The estimation
Liest. The test is repeated to estimate R, (Fig. 8b). P, process is enabled at ¢ = 0 s, thus providing a first accurate



TABLE II
EXPERIMENTAL RESULTS OF GRID PARAMETERS ESTIMATION

Lgeq estimation R estimation

Test Q*inj Lg eq ig eq P*inj Rg Rg
n° [pu] [pul [pul [pul [pu] [pul
Test 1 \ +0.1 0.127 0.123 \ +0.1 0.107 0.102
Test 2 +0.1 0.094 0.093 —0.1 0.107 0.108
- 0.127 0.129 - 0.194 0.202

grid resistance computation (egg = +0.9%). The additional
resistor R;.s; 1s inserted at ¢ ~ 3.8 s and the new value
of estimated resistance is obtained with er, = +4.1%. The
results of Test 1 and Test 2 are summarized in Table II, where
the expected and the estimated values of L, ., and R, are
reported.

VI. CONCLUSION

This paper proposes a VSM-based closed-loop algorithm for
estimating the equivalent grid inductance and grid resistance.
The proposed method is an add-on feature integrated into the
VSM excitation control loop, enabled when an amount of
power not processed by VSM is directly injected into the
grid through the inverter current control. A small external
power injection (< 0.1 pu) is needed to obtain accurate
results. Therefore, the power system perturbation during the
estimation process is limited. The estimation is performed in
real-time, thus avoiding data post-processing through advanced
mathematical tools (i.e., DFT), or with algebraic calculations.
Moreover, the proposed estimator inherently rejects noise
due to voltage and current measurement disturbances. Imple-
menting advanced filtering solutions (i.e., Kalman filters) to
improve the estimation accuracy is thus avoided. Therefore,
the proposed algorithm results particularly suitable for field
applications in disturbed environments. The estimator integral
gain can be tuned according to the desired response time and
the needed noise rejection capability. Indeed, the estimation
duration can be reduced in less disturbed applications. Ex-
perimental tests have been carried out on a 15 kVA grid-
tied inverter subjected to high noise on voltage measurements.
The experimental results demonstrate the good accuracy and
response time of the proposed estimation method, with errors
below 5% and a response time in the range of 0.5 - 1 s.
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