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Abstract: Inverters are playing an increasingly important role in the electrical utility grid due to the
proliferation of renewable energy sources. Obtaining inverter models with accurate parameters is,
therefore, essential for grid studies and design. In this paper, a methodology to estimate the output
impedance and parameters of a residential grid-tied inverter is proposed. The methodology is first
verified through simulation. A sensitivity analysis is conducted to determine the influence of the filter
and controller parameters on the output impedance of the inverter. The simulated output impedance,
voltage, and current are used in a parameter estimation methodology to obtain filter and controller
parameters. It is shown that up to seven parameters can be estimated accurately. The proposed
methodology is further investigated through a practical experiment. Two perturbation sources, the
pseudo-random binary sequence perturbation and pseudo-random impulse sequence perturbation,
are used, in turn, to perturb a residential grid-tied inverter that delivers up to 1.6 kW with the aim
of obtaining its output impedance. The output impedances obtained through both pseudo-random
sources are compared. It is shown that a pseudo-random binary sequence perturbation source applied
in series between the grid and the inverter under test allows for the best estimation of the grid-tied
inverter’s output impedance. A black-box modeling approach aimed at estimating an analytical
transfer function of the output impedance from experimental data is also discussed.

Keywords: inverter; wideband; output impedance; frequency response; parameter estimation;
inverter modeling; system identification

1. Introduction

Inverter-based generation is vital in the global shift towards renewable energy. Wind
and solar power plants use DC–AC inverters to integrate with the electrical utility grid [1,2].
The use of inverters on a residential level has also increased significantly [3]. Inverter-based
power plants generally make use of grid-connected three-phase inverters [4]. Single-phase
inverters are predominantly used on a residential scale [5]. These residential inverters typi-
cally use an outer DC voltage control loop and inner current control loop [6,7]. Residential
single-phase, grid-tied inverters also need to adhere to specific standards and regulations,
such as their response to a change in frequency and the grid voltage [8]. Relying on inverter-
based energy sources instead of fossil-fueled generation comes with challenges regarding
power quality [9–12] and grid stability [13–16]. To mitigate these challenges, thorough
design and analysis of inverter systems are required, necessitating accurate modeling of
inverters and accurate estimation of model parameters [17,18]. This can be done through
system identification and parameter estimation studies.

Parameter estimation and system identification studies typically excite a target system
with a suitable excitation signal, and the input and output signals are then recorded over a
time interval [19]. The measured response of the system is then cross-correlated with the
measured input signal. Wideband excitation signals, such as the swept-sine signal, impulse
signal, and Pseudo-Random Binary Sequence (PRBS), are commonly used to obtain fre-
quency response information of power system equipment [20]. A Pseudo-Random Impulse
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Sequence (PRIS) has recently been proposed as a suitable excitation signal for high-power,
high-voltage applications [21]. The PRIS combines the advantages of the impulse and the
PRBS. The PRBS is a deterministically generated binary sequence [22]. It can be used to
excite a system over a wide frequency band. The PRBS has been used extensively to excite
power system equipment, amongst others, batteries [23], transformers [24], converter sys-
tems [25], synchronous generators [26], and automatic voltage regulators [27]. The PRIS, on
the other hand, has been applied to characterize grid impedances [28], transformers [29–31],
capacitive voltage transformers [32,33], and inverters [34]. The PRIS has been shown to
perform well in in situ applications in which the system under test remains connected to
the normal supply voltage while the perturbation signal is applied [21]. In situ perturbation
of power system equipment is preferred to offline perturbation, as parameters of power
system equipment can exhibit operating point-specific values [35,36].

Following a system identification experiment, measured data can then be used to
model a device under test. Various inverter modeling approaches exist. Electromagnetic
Transient (EMT) models are detailed parametric models that are capable of modeling
non-linear responses, frequency-dependent effects, unbalanced networks, and detailed
switching schemes [37]. From an EMT model, various simplified models can be deduced
based on the application of the model. EMT models can be simulated in Simulink, Proteus,
PLECS, and other similar software. In addition to inverter modeling, the output impedance
of an inverter is important for the analysis and design of grid-connected systems. The
output impedance is used extensively to determine and analyze stability-related issues of
interconnected inverter systems. Furthermore, the output impedance of multiple parallel
inverters influences the power-sharing capabilities of the inverters within the system [38,39].

The output impedance of an inverter can be determined analytically [40]. However,
as inverter models are difficult to obtain [41], inverters are frequently modeled as a black-
box [42], in which case the output impedance needs to be measured. The output impedance
of inverters can be measured using either transient responses [42] or wideband excita-
tion signals [43]. In practical grid-connected inverters, the output impedance is typically
measured using frequency response analyzers or dedicated power electronic devices as
wideband excitation sources [44–48]. The perturbation source is either connected in series
between the inverter and the grid to inject voltage perturbations or in parallel to the grid
to inject current perturbations [49] into the inverter system. When frequency response
analyzers are utilized to obtain the output impedance of the inverter, transformers and
amplifiers are additionally required to implement the perturbation arrangement [44].

Various system identification and parameter estimation studies have been conducted
on inverters [50–59]. From these studies, the most viable perturbation methods involved
introducing a change in the DC voltage supplied to the inverter [53] and perturbing the AC
output side of the inverter [54–59]. Varying the DC voltage causes the outer DC voltage
loop of a grid-following inverter to produce a different reference output current to the
inverter [53]. This causes the control loop of the inverter to respond to a change in the DC
voltage thus making it possible to estimate the controller parameters. On the other hand,
perturbation of the AC output side of the inverter perturbs both the continuous low-pass
filter of the inverter, as well as the discrete control loop, as the output current and voltage
are fed back to the control loop. Therefore, system identification studies have aimed at
perturbing the AC output side of the inverter, in order to obtain the output impedance of
the inverter [54–59]. The PRIS signal has been used to perturb a single-phase, standalone
inverter to obtain the filter and controller parameters of the inverter [34].

In this paper, the use of PRIS perturbations to estimate the parameters of inverters is
extended to the grid-tied inverter. Parameter estimation is performed on a single-phase,
grid-tied inverter. The PRIS source is used to excite a wide frequency band to obtain the out-
put impedance of the inverter. A frequency-domain sensitivity analysis is also conducted.
The filter and controller parameters of the inverter are subsequently estimated using the
output impedance, voltage, and current. Furthermore, output impedance obtained from
an actual inverter is obtained using different pseudo-random perturbation sources. The
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output impedance, which is obtained experimentally, is used to estimate an analytical
transfer function that can further be used for inverter studies.

2. Grid-Tied Inverter
2.1. Inverter Topology

Figure 1 shows the circuit configuration of the grid-tied inverter under investiga-
tion [60]. The grid is modeled using an AC voltage source in series with a resistor, Rgrid,
and inductor, Lgrid. The inverter operates at a fundamental frequency of f1 = 50 Hz. An
LCL filter is used to filter higher-order harmonics produced by the switching circuit. The
studied inverter does not employ any method to dampen the resonance that is introduced
by the LCL filter. The inductor current, iL(t), is controlled by a continuous controller, Gc(s),
while an outer DC voltage loop that is typical of solar inverters is neglected to reduce the
complexity of the inverter model. The output of the control loop is scaled by the gain
KPWM = 1

Vd
. A full-bridge switching circuit is used.

Figure 1. Circuit diagram of the grid-tied inverter under investigation.

Figure 2 presents the controller, Gc(s), that controls the inductor current. Gc(s) com-
prises of the sum of two controllers namely a resonant controller, Gpr(s) and a proportional
controller, kp.

Figure 2. Block diagram of the controller, Gc(s).

Equation (1) shows the Laplace-domain representation of the controller Gpr(s).

Gpr(s) =
2kiωprs

s2 + 2ωprs + wg2 (1)

The filter and controller parameter values of the inverter, as presented by Pastor and
Dudrik [60], are listed in Table 1.
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Table 1. Controller and filter parameter values of the grid-tied inverter that is investigated.

Parameter kp ki ωpr ωg
Cf
[µF]

Lf
[mH]

Lg
[µH]

Value 5.4 400 1 314.16 5.3 18 9

2.2. Mathematical Analysis of Inverter

Based on Figure 1, the Laplace-domain representation of the modulation voltage,
vAo(t), is

VAo(s) = sL f IL(s) + sLg Io(s) + Vo(s), (2)

where s is the Laplace operator. The inductor current, IL(s), is equal to the sum of the
capacitor current, IC(s), and the output current, Io(s),

IL(s) = Ic(s) + Io(s). (3)

The capacitor voltage, VC(s) is described in terms of IC(s) as

Vc(s)=
Ic(s)
sC f

. (4)

The capacitor voltage, VC(s) can be defined in terms of the output voltage as

Vc(s)= sLg Io(s) + Vo(s) (5)

Combining (4) and (5) yields

Ic(s) = s2C f Lg Io(s) + sC f Vo(s). (6)

Using (6) and (3), (2) can be expressed as

VAo(s) = sL f

(
s2LgC f Io(s) + Vo(s)sC f + Io(s)

)
+ sLg Io(s) + Vo(s). (7)

The voltage VAo(s) is described in terms of the control loop as

VAo(s) =
(
kp + Gpr(s)

)(
Ire f (s)− IL(s)

)
(8)

Substituting IL(s) using (3) and (6) yields

VAo(s) =
(
kp + Gpr

)
Ire f (s)−

(
kp + Gpr

)(
Io(s) + s2LgC f Io(s) + Vo(s)sC f

)
(9)

Equations (7) and (9) can be combined to obtain

Vo(s)
(

s2L f C f + 1 + kpsC f + Gpr(s)sC f

)
= Io(s)(− kp − kps2LgC f − Gpr(s)− s2LgC f Gpr(s)

−s3L f LgC f − sL f − sLg)+
(
kp + Gpr(s)

)
Ire f (s).

(10)

The equivalent output impedance of the inverter, Zo(s), can be obtained by setting
Ire f (s) = 0A in (10):

Zo(s) =
Vo(s)
Io(s)

|Ire f (s)=0 (11)

The transfer function of Zo(s) has the form:

Zo(s) =
b0s5 + b1s4 + b2s3 + b3s2 + b4s + b5

a0s5 + a1s4 + a2s3 + a3s2 + a4s + a5
(12)
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Table 2 lists the coefficients of the output impedance, Zo( f ), in (12). It can be seen
from (12) and Table 2 that the inverter impedance is a function of the filter and controller
parameters. Therefore, the output impedance is suitable to use in the estimation of inverter
filter and controller parameters.

Table 2. Coefficients of the transfer function of Zo(s).

Coefficient Value

b0 C f L f Lg

b1 C f Lg

(
kp + 2L f ωpr

)
b2

L f + Lg + 2C f Lgkiωpr + 2C f Lgkpωpr +

2C f Lgω2
g

b3 kp + 2L f ωpr + C f Lgkpω2
g

b4 2kiωpr + L f ω2
g + Lgω2

g

b5 kpω2
g

a0 0

a1 C f L f

a2 C f kp + 2C f L f ωpr

a3 1 + 2C f kiωpr + 2C f kpωpr + C f L f ω2
g

a4 2ωpr + C f kpω2
g

a5 ω2
g

The analytical transfer function presented in (12) is populated with parameters from
Table 1 and is used to obtain the frequency response of Zo( f ) which is presented in Figure 3.
It can be seen from Figure 3 that multiple resonant points exist in the output impedance
due to the interaction of the LCL filter and the control loop. The impedance Zo( f ) is almost
resistive at 10 Hz. Two parallel resonant points are evident at approximately 50 Hz and 515
Hz. The resonance at 50 Hz can be attributed to the proportional and resonant controller,
whereas that at 515 Hz is attributed to the interaction of the filter inductor, L f , and filter
capacitor, C f . A series resonant point can also be observed at approximately 23 kHz and is
attributed to the LCL elements Lg and C f .

Figure 3. Magnitude and phase response of the analytical inverter output impedance.
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3. Simulated Small-Signal Analysis of Inverter

In this section, the output impedance of the grid-tied inverter described in Section 2.1
is estimated through simulation. The simulation is conducted using the PLECS blockset in
Simulink. The inverter model is populated with filter and controller parameters indicated
in Table 1. A PRIS perturbation source is connected at the AC output side of the inverter,
in parallel with the grid, to produce small-signal perturbations. Figure 4 presents the
perturbation arrangement. The PRIS source is constructed using a PRBS14 and a clock
frequency, fclk = 2.5 kHz. The PRIS time constants are chosen as τ1 = 0.1× Tclk and
τ2 = 10× Tclk [21].

Figure 4. The inverter with the PRIS perturbation source connected at its AC output side.

The inverter presented in Figure 1 is simulated under normal operating conditions,
without perturbation, as well as perturbed conditions, as presented in Figure 4. Voltage and
current waveforms from the normal and perturbed state are recorded over a time interval.
Equation (13) is subsequently used to extract the inverter output frequency response.

Zo( f ) =
Vo,p( f )−Vo,n( f )
Io,p( f )− Io,n( f )

, (13)

where Vo,n( f ) and Io,n( f ) indicate the frequency-domain output voltage and current during
the normal operation, whereas Vo,p( f ) and Io,p( f ) indicate the frequency-domain output
voltage and current during perturbation.

Figure 5 compares the estimated output impedance frequency response obtained
through simulation with the analytical output impedance frequency response. The esti-
mated Zo( f ) obtained through simulation agrees well with the analytical Zo( f ), as the
responses lie on top of each other. It should be noted that the RLC circuit of the PRIS
perturbation source does not influence the general shape of the impedance frequency
response of the system under test but only the time- and frequency-domain characteristics
of the perturbation signal. The role of the RLC circuit is to block the fundamental frequency
voltages and currents induced by the grid using the series capacitor. Furthermore, the RLC
circuit enhances the controllability of the perturbation signal [21].
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Figure 5. Magnitude and phase frequency response of the estimated inverter output impedance
compared to the analytical inverter output impedance.

4. Parameter Estimation
4.1. Frequency-Domain Sensitivity Analysis of Filter and Controller Parameters

Prior to conducting a parameter estimation study, a sensitivity analysis is performed
on the analytical output impedance frequency response to determine the influence of
the inverter controller and filter parameters on the frequency response. Each filter and
controller parameter is varied 10× higher and lower than its true value, while the remaining
parameters are fixed. The resultant output impedance frequency responses are compared.
Figure 6 shows the output impedance as a function of the filter and controller parameters.

From Figure 6 it can be seen that the inverter controller and filter parameters have
an effect on the output impedance frequency response. Depending on the parameter, the
effect can be a damping or shifting of the resonant points or a combination thereof. It can
be seen that the controller parameters have a greater effect on Zo( f ) at lower frequencies,
including damping of the first parallel resonance. Figure 6e,f show that the second parallel
resonance can be attributed to filter capacitor C f resonating with filter inductor L f . The
series resonance can be attributed to filter capacitor C f resonating with filter inductor Lg.
Using the output impedance during parameter estimation is thus viable, as all parameters
influence its frequency response. Table 3 summarizes the effects of the filter and controller
parameters on the resonant points of the output impedance frequency response.
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Figure 6. The magnitude and phase response of the analytical output impedance, Zo( f ), as a function
of (a) ki, (b) kp, (c) ωpr, (d) ωg, (e) C f , (f) L f , and (g) Lg.

Table 3. Summary of the effect of the controller and filter parameters on the resonant frequency
points of the output impedance.

50 Hz 58 Hz 515 Hz 23 kHz

Parameter Damping Shifting Damping Shifting Damping Shifting Damping Shifting

ki x x

kp x x

ωpr x x
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Table 3. Cont.

50 Hz 58 Hz 515 Hz 23 kHz

Parameter Damping Shifting Damping Shifting Damping Shifting Damping Shifting

ωg x x

C f x x x

L f x x

Lg x x

4.2. Parameter Estimation Methodology

The aim of a parameter estimation study is to determine a model’s accurate parameter
values from data measured on a target system. In this section, a parameter estimation
methodology aimed at obtaining accurate inverter controller and filter parameter values is
demonstrated through simulation. The target system, denoted with the subscript “S,” is a
simulation of the inverter shown in Figure 1 with the parameters fixed to the values listed
in Table 1. An inverter model, denoted with the subscript “M” and whose parameter values
are unknown, will be estimated by comparing the time- and frequency-domain outputs
of the model and the system. The model parameter values are iteratively tuned using
a suitable optimization algorithm in order to minimize the error between the compared
model and system outputs. The model and system are operated under normal operating
conditions, denoted with the subscript “n,” and perturbed conditions, denoted by the
subscript “p.”

The filter and controller parameters that will be estimated are denoted by the vector θ,

θ =
[
kp, ki, ωpr, ωg, C f , L f , Lg

]
(14)

To estimate θ, a two-step parameter estimation process is adopted. Figure 7 demon-
strates the parameter estimation methodology used during the first step of the parameter
estimation process. In the first step of the parameter estimation process, the lower and
upper bounds are chosen as θ/10 and 10× θ, respectively. The model and system are
operated under both normal and perturbed conditions to obtain the output impedances
of the model and system, Zo,M( f ) and Zo,S( f ), as discussed in Section 3. The Genetic
Algorithm (GA) is utilized in the first step to minimize an objective function between the
Mean Squared Error (MSE) of the measured output impedance of the model, Zo,M( f ) and
the estimated system output impedance, Zo,S( f ), multiplied with the scaled correlation
coefficient, ρscaled, defined as [31]

ρscaled(Zo,M( f ), Zo,S( f )) = −ρ(Zo,M( f ), Zo,S( f )) + 1. (15)

where,

ρ(Zo,M( f ), Zo,S( f )) =
1

N − 1

N

∑
n=1

(
Zo,M( fn)− µo,M

σo,M

)(
Zo,S( fn)− µo,S

σo,S

)
(16)
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Figure 7. Block diagram illustrating the parameter estimation methodology used during step 1.

The frequency responses Zo,M( f ) and Zo,S( f ) are of length N. The parameters µo,M
and µo,S represent the mean of the output impedance frequency response of the model and
the system, respectively, while σo,M and σo,S indicate the standard deviations of the output
impedance frequency response of the model and the system respectively. The optimization
algorithm iteratively updates the model parameters, θ1, to minimize the objective function
value, β1. Random initial starting points are used within the lower and upper bounds of
the search space during step 1.

Table 4 presents the parameters used to populate the genetic algorithm during step
1. These include the initialization parameters, as well as the crossover, mutation, and
migration parameters.

Table 4. Parameters used in the genetic algorithm.

GA Parameters Parameter Value

Population size 70

Number of real variables 7

Crossover fraction 0.8

Mutation fraction 0.01

Migration fraction 0.2

Seed for random number generator 0

Maximum iterations 700

Population size 200

Parallel computing enabled Yes

Figure 8 illustrates the parameter estimation methodology used during step 2. In the
second step, a particle swarm optimization algorithm is used to minimize the objective
function consisting of the sum of the MSE between the perturbed output voltage of the
model, vo,M,p(t), and the system, vo,S,p(t), and the MSE between the perturbed output
current of the model, io,M,p(t), and system, io,S,p(t). The estimated parameters after the first
step, θ1, are used to reduce the lower and upper bounds for the second step to 0.5× θ1 and
2× θ1, respectively. The system and model are operated under perturbed conditions. The
output current and voltage of the system during perturbed operation, io,S,p(t), vo,S,p(t), as
well as that of the model during perturbed operation, io,M,p(t), vo,M,p(t), are used in the
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objective function. The optimization algorithm minimizes the objective function value, β2,
by iteratively updating the model parameters, θ2. Random initial starting points are used
within the lower and upper bounds of the search space during step 2.

Figure 8. Block diagram illustrating the parameter estimation methodology used during step 2.

Table 5 presents the parameters used to populate the particle swarm optimization
algorithm during step 2. These include the inertia weights and velocities of both the
particles, as well as the neighborhoods.

Table 5. Parameters used in the particle swarm optimization algorithm.

Particle Swarm Parameters Parameter Value

Maximum inertia weight 0.1

Minimum inertia weight 1.1

Maximum iterations 1400

Minimum adaptive neighborhood size 0.25

Particle velocity adjustment weight 1.49

Neighbourhood velocity adjustment weight 1.49

Swarm size 100

The particle swarm optimization algorithm and genetic algorithm are global solvers.
A multitude of global solvers exists and could have been used to determine the global
minimum. The genetic algorithm is generally time-consuming as it arrives at the global
minimum by brute force. In comparison to the genetic algorithm, the particle swarm
optimization algorithm generally requires fewer function evaluations to arrive at the global
minimum. By trying various global optimization algorithms, it is observed that these
solvers work best in this specific application.

4.3. Parameter Estimation Results

Table 6 presents the estimated parameters after step 1, θ1, and step 2, θ2. Although
the parameters are not accurately estimated after the first step, the bounds can be signifi-
cantly reduced for the second step. The estimated parameters after the second step are all
estimated within 0.05% accuracy.

Table 6. Parameter estimation results of the grid-tied inverter.

Step kp

kp
Error
[%]

ki

ki
Error
[%]

ωpr

ωpr
Error
[%]

ωg

ωg
Error
[%]

Cf
[µF]

Cf
Error
[%]

Lf
[mH]

Lf
Error
[%]

Lg
[µH]

Lg
Error
[%]

1 4.76 11.89 560.60 40.15 0.60 40.29 313.35 0.26 6.27 18.27 15.20 15.54 7.61 15.44

2 5.40 0.02 400.08 0.02 0.99 0.03 314.16 0.00 5.3 0.02 0.018 0.01 9 0.05
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Figure 9 shows the output impedance frequency response of the estimated model,
Zo,M( f ), compared to the output impedance frequency response of the target system,
Zo,S( f ). The estimated output impedance of the model is a good estimation of the target
system, as the frequency responses lie on top of each other. This indicates the ability of the
proposed methodology to estimate the inverter controller and filter parameters.

Figure 9. Comparison of the magnitude and phase response of the output impedance of the model
after parameter estimation is performed, Zo,M( f ), and the target system Zo,S( f ).

5. Experimental Comparison of Pseudo-Random Perturbation

In order to verify the correctness of the proposed inverter impedance characterization
methodology, two pseudo-random perturbations, the PRBS and PRIS, are used separately
to excite a practical inverter. The experimental perturbation of a practical inverter using a
PRBS excitation source is then compared to that of a PRIS excitation source.

5.1. Pseudo-Random Perturbation Sources

Figure 10a,b present the circuit configuration of a PRIS source [21] and a PRBS source,
respectively. Both configurations are constructed using an H-bridge supplied with a DC
voltage source, Vd. A PRBS gating signal is used to control the switching of the H-bridge
circuit for both the PRIS and PRBS sources. The PRIS source additionally includes a series
RLC circuit that is connected between the H-bridge and the device under test. This allows
for increased control of the spectral characteristics of the perturbation source [21]. In
addition, the capacitor, CPRIS, protects the switches by limiting the voltage across the
PRIS source.

Figure 10. Circuit configuration of a (a) PRIS source and a (b) PRBS source.
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Figure 11 presents the source that is used as both the PRIS source and the PRBS source
by including or excluding the RLC filter to obtain the experimental results. The source can
withstand a voltage of 1.6kV at the point of connection and a maximum current of 25 A.

Figure 11. The configurable perturbation source used as both a PRBS and PRIS source.

The Data Acquisition (DAQ) system used is the 8-Slot NI cDAQ-9178 chassis together
with a 16-bit, 4-channel voltage input module, the NI 9223, with a sampling frequency
of 1 MHz. A high-voltage differential PINTECH N1000A probe, as well as a GWINSTEK
GCP-1000 current probe, is used during the experimental measurements.

5.2. Description of the Practical Inverter under Investigation

In this section, a 1.6 kW Sunny Boy grid-tied single-phase commercial inverter is inves-
tigated. Table 7 summarizes the inverter’s specifications. The inverter has a fundamental
frequency of f1 = 50 Hz. It is rated for 220VRMS to 240VRMS and can supply up to 1.6
kW. The inverter can be supplied with a DC input voltage between 125 V and 600 V. It is
controlled to supply power at unity power factor with an efficiency of 96%.

Table 7. Specifications for the Sunny Boy 1600TL [61].

Specification Value

Maximum DC Voltage 600V

Nominal DC voltage 400 V

Minimum DC voltage 125 V

Nominal AC power 1600 W

Nominal AC voltage 220, 230, 240VRMS

Maximum output current 11ARMS

Power factor 1

Maximum efficiency 96.0%

Topology Transformerless

Figure 12 shows a block diagram of the inverter system under investigation. The
inverter is supplied with an array of photovoltaic panels and uses a Maximum Power
Point Tracker (MPPT) in a two-stage transformerless inverter topology [62]. The DC input
voltage from the photovoltaic panels, vin(t), is controlled and stepped up or down to
produce a constant voltage, vDC(t), at the input of the inverter. The inverter converts the
DC power to AC power. The grid-tied inverter has an inner current control loop and utilizes
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a Phase Locked Loop (PLL) to synchronize with the grid voltage [6]. The inverter under
investigation is modeled as a black box, as no prior information regarding the control-loop
design, filter topology, or parameter values exists [41]. The grid is modeled with an AC
voltage source in series with the grid impedance, Zgrid.

Figure 12. Block diagram of the inverter system under normal operating conditions.

The output current and voltage while the inverter is operating under normal condi-
tions, io,n(t) and vo,n(t), are presented in Figure 13. The RMS values of io,n(t) and vo,n(t)
are 1.65ARMS and 223.84VRMS respectively. The inverter is, thus, only operating at 15% of
its maximum output current. It is seen from Figure 13 that the current io,n(t) contains a
large number of harmonics. The harmonic distortion is caused by the inverter’s switching,
as the frequency of the current ripple was observed to be the same as that of the switching
frequency of the inverter, i.e., fsw = 16 kHz. The inverter that is investigated in this section
is shown in Figure 14.

Figure 13. The output voltage, vo,n(t), and current, io,n(t), under normal operating conditions.
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Figure 14. The inverter under investigation.

5.3. PRIS Perturbation

The inverter is first perturbed using a PRIS perturbation source. A PRIS source is
connected in parallel to the grid. Figure 15 shows a block diagram of the perturbation ar-
rangement where the PRIS source is represented by a current source. The PRIS perturbation
source cannot be connected in series between the inverter and the grid, as the impedance
of the RLC circuit will distort the grid voltage and prohibit the inverter from connecting
to the grid. However, the PRIS source is suitable for connection in parallel, as the RLC is
designed to withstand the voltage drop between the H-bridge and the grid voltage. This,
however, decreases the perturbation energy of the PRIS source.

Figure 15. Block diagram of the inverter system during PRIS perturbation.

To ensure that the inverter is excited across a wide frequency band, two sets of
measurements are conducted using a PRIS source. In the first test, a clock frequency of
30 kHz is selected to provide enough perturbation energy in the higher frequency band.
Subsequently, a second test is conducted with the clock frequency set to 6 kHz to provide
sufficient energy in the lower frequency band. The order, m, of the PRBS gating signal,
along with the clock frequency, fclk, determines the period, tPRBS, of the PRIS, which can
be expressed as:

tPRBS =
2m − 1

fclk
(17)

The PRBS order is chosen to keep tPRBS ≈ 1 s, based on the value of fclk. The mag-
nitude of the DC voltage of the perturbation source, Vd, is chosen as high as possible but
within the limits of the voltage, current, and power ratings of the RLC filter components.
The RLC values are selected such that suitable time constants, that ensure sufficient pertur-
bation in the frequency band of interest, are achieved [21]. Table 8 summarize the values of
the parameters used to configure the PRIS source.
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Table 8. Parameters for two different arrangements of the PRIS source, setup 1 and setup 2.

Setup PRBS
Order fclk Vd RPRIS LPRIS CPRIS

1 15 30 kHz 160 VDC 100 Ω 2.2 mH 100 nF

2 12 6 kHz 160 VDC 100 Ω 1 mH 1 µF

Figure 16 shows the small-signal perturbations obtained after PRIS perturbation is ap-
plied to the inverter using setup 2. The normal, io,n(t) and vo,n(t), and perturbed, io,p(t) and
vo,p(t), current and voltage measurements are subtracted to obtain the small-signal pertur-
bations. Both the small-signal current and voltage perturbations have impulse characteristics.

Figure 16. Small-signal perturbations of the current, (io,p(t) − io,n(t)), and the voltage, (vo,p(t) −
vo,n(t)), after PRIS perturbation.

The measured output impedance of the inverter, Zo( f ), is subsequently determined
using the small-signal perturbations and (13). The output impedance is obtained for both
sets of measurements, and concatenated at 100 kHz, as this provided the least variance
in the output impedance, based on visual inspection. Figure 17 presents the measured
Zo( f ). A series resonant point is evident at approximately 17 kHz. The measured frequency
response of Zo( f ) at frequencies below 2 kHz is distorted, as well as at frequencies greater
than 60 kHz. This can be attributed to insufficient perturbation energy in these frequency
regions. The insufficient perturbation of the inverter at lower frequencies below 100 Hz can
also be attributed to the inverter’s controller operation aiming to control the fundamental
50 Hz component of the output current. In an attempt to improve the estimation of the
output impedance at frequencies lower than 2 kHz, fclk of the PRIS source was decreased
but did not improve results. Due to insufficient spectral energy in the low-frequency band
below 100 Hz, the frequency response of the inverter is presented from 100 Hz.
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Figure 17. Magnitude and phase response of Zo( f ) of the practical inverter under investigation using
PRIS perturbation.

5.4. PRBS Perturbation

A second experiment involving the excitation of the inverter described in Section 5.2
was conducted by using PRBS perturbation. Figure 18 presents a block diagram of the
practical arrangement during PRBS perturbations. A PRBS source is connected in series
between the AC output side of the inverter and the grid. The PRBS source is presented as
a voltage source in Figure 18. The PRBS source would, thus, superimpose PRBS voltage
perturbations on the voltage produced by the grid. The PRBS source cannot be connected
in parallel to the inverter and the grid, as no passive elements are used to mitigate the
voltage difference between the H-bridge and the grid voltage. The series connection of the
PRBS source causes the current io,p(t) to flow through the IGBTs of the H-bridge, as well
as the DC voltage source. These circuit elements, therefore, need to be able to withstand
this current.

Figure 18. Block diagram of the inverter system during PRBS perturbation.

Similar to PRIS perturbation, two different PRBS source configurations are used to
perturb the grid-connected inverter, in order to excite a wide frequency band. The clock
frequency and PRBS order are chosen using the same criteria as presented in Section 5.3. To
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minimize the effect on the inverter’s normal operation, the magnitude of Vd should be cho-
sen to be as small as possible while also providing enough perturbation energy. The voltage
Vd is chosen as 5VDC, as this was the smallest voltage that produced adequate perturbation
energy. Table 9 summarizes the parameters chosen for the PRBS source configurations.

Table 9. Parameters for two different arrangements of the PRBS source, setup 1 and setup 2.

Setup PRBS Order fclk Vd

1 14 16 kHz 5 VDC

2 12 3 kHz 5 VDC

Figure 19 presents the small-signal current and voltage perturbations produced by
the PRBS source using setup 2. Again, the normal, io,n(t) and vo,n(t), and perturbed, io,p(t)
and vo,p(t), current and voltage measurements are subtracted to obtain the small-signal
perturbations. The voltage has clear PRBS perturbation waveforms.

Figure 19. Small-signal perturbations of the current, (io,p(t) − io,n(t)), and the voltage, (vo,p(t) −
vo,n(t)), after PRBS perturbation.

The measured output impedance of the inverter, obtained using PRBS perturbation, is
displayed in Figure 20. The frequency response has less variance compared to the output
impedance obtained using PRIS perturbations in Figure 17. The output impedance is
estimated for both setups, and concatenated at 3 kHz, based on visual inspection of the
variance of the output impedance. A damped series resonant point exists at approximately
500 Hz, and is followed by a parallel resonance at approximately 1.5 kHz. From 1.5 kHz,
the output impedance is predominantly capacitive until approximately 17 kHz where there
is a series resonance. A parallel resonant point is also evident at approximately 114 kHz. An
artifact is present at approximately 16 kHz, which is attributed to the switching frequency,
fsw, of the inverter. Due to insufficient spectral energy in the low-frequency band below
100 Hz, the response is quite noisy in this frequency band and therefore omitted in the
frequency response shown in Figure 20.
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Figure 20. Magnitude and phase response of Zo( f ) of the practical inverter under investigation using
PRBS perturbation.

5.5. Critical Comparison of Pseudo-Random Perturbation Strategies

To compare the effectiveness of the PRIS and PRBS perturbation methodologies, the
magnitude-squared coherence, Cxy( f ), is utilized. The magnitude-squared coherence,
Cxy( f ), between an input signal, x(t), and output signal, y(t), of a transfer function, varies
between 0 and 1 in the frequency-domain [63]. A value of 1 indicates a linear relationship
between the input and output signals. The magnitude-squared coherence can be calculated
using the Cross Power Spectral Density (CPSD), Pxy( f ), and Power Spectral Densities
(PSDs) of the input, Pxx( f ), and output, Pyy( f ), signals [63].

Cxy( f ) =
|Pxy ( f )|2

Pxx( f )Pyy( f )
(18)

The magnitude-squared coherence can be utilized to determine whether the estimated
Zo( f ) obtained for the inverter system is linear or to what extent Zo( f ) is linear. Fig-
ure 21 shows the magnitude-squared coherence between the small-signal currents and
voltages, C(io,p(t)−io,n(t)),(vo,p(t)−vo,n(t))( f ), of the PRIS perturbations and the PRBS perturba-
tions between 1 kHz and 150 kHz. The estimated Zo( f ) using PRIS perturbation is only
approximately linear between 2.7 kHz and 16 kHz, while the linearity also significantly
decreases at approximately 6 kHz and 12.4 kHz in this region. In comparison, the estimated
Zo( f ) using PRBS perturbation is approximately linear throughout this frequency region,
with the exception of the frequency region surrounding the switching frequency at 16 kHz.

Figure 21. Magnitude squared coherence, C(io,p(t)−io,n(t)),(vo,p(t)−vo,n(t))( f ), using PRIS and
PRBS perturbations.
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Table 10 lists the advantages of the PRIS and PRBS sources for the use of output
impedance characterization of inverters.

Table 10. Comparison of the advantages of the PRIS source and the PRBS source.

PRIS Source PRBS Source

The series RLC circuit that is incorporated in the PRIS source
allows for increased protection of the H-bridge and DC source,
while also providing an additional means of controlling
the time-and frequency-domain characteristics of the PRIS

Fewer components are used to construct the PRBS source

Can be connected in parallel with the system under test
thus Can be used to characterize an inverter and the grid
simultaneously

Can be connected in series with the system under test
and based on practical measurements that are conducted
in this work, it produces better perturbation

5.6. Estimation of an Analytical Transfer Function of the Inverter Output Impedance from
Measurement Data

Due to the lack of access to detailed data on the tested inverter, as is common with most
commercial inverters due to manufacturers’ confidentiality, a black-box modeling approach
is conducted. In this case, an analytical Laplace-domain transfer function, Zo,approx(s),
that represents the equivalent output impedance of the inverter is approximated from
experimental data that was obtained using the PRBS perturbation. The procedure involves
selecting the order of the transfer function, whereafter, the Gauss–Newton search is used
to determine the coefficients of the transfer function using MATLAB’s tfest function. The
instrument variable approach is used for initialization. Up to 5000 iterations are performed,
and the initial tolerance is 0.0001. Various orders are investigated, and based on visual
observations, a 6th order transfer function fits the measured Zo( f ) most accurately. The
approximated transfer function of the output impedance, Zo,approx(s), is:

Zo,approx(s) = −5.125×106s5+8.998×1012s4+2.05×1017s3+1.051×1023s2+7.475×10626s+1.547×10630
s6−9.276×105s5+4.668×1011s4−4.932×1017s3−2.839×10621s2−4.213×1025s+7.784×1027 (19)

Figure 22 compares the approximated transfer function, Zo,approx( f ), with the exper-
imental Zo( f ). The frequency responses lie on top of each other, indicating sufficient
accuracy. The estimated transfer function model, Zo,approx( f ), can be used for simulation
and inverter power quality studies.

Figure 22. Magnitude and phase response of the analytical Laplace-domain approximation of the
measured output impedance, Zo,approx( f ), compared to Zo( f ).
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6. Conclusions

In this paper, a methodology for characterizing the output impedance of a single-
phase, grid-tied inverter is presented. The methodology involves perturbing, in situ, the
AC output side of the inverter with a pseudo-random excitation signal. The obtained output
impedance is accurate, as it corresponds well with the analytical output impedance. A
parameter estimation study that extracts the controller and filter parameter values from the
perturbed inverter measured data is then conducted on the grid-tied inverter. The output
impedance, current, and voltage are used to estimate seven filter and controller parameters
accurately. Accurate estimation of inverter parameter values can enhance inverter modeling
and studies. The parameter estimation methodology suggested and presented in this paper
requires prior knowledge of the device under test, such as the inverter’s controller and
filter structure. Therefore, this method would allow system designers who have access to
this information to accurately model their inverters after experimental testing.

Furthermore, an experimental comparison of pseudo-random perturbation method-
ologies is investigated. It is shown that the use of PRBS perturbation allows for a more
effective characterization of the output impedance of a 1.6 kW grid-tied inverter compared
to a PRIS perturbation. Results, following a black-box modeling approach that involves
the estimation of the transfer function of a commercial inverter using experimental data,
are also presented. The good agreement between the experimental measurements and the
estimated transfer function validates the proposed procedures. Although the system identi-
fication methodology that is presented in this paper is case-study specific, the perturbation
strategy can be applied to any inverter as long as the pseudo-random perturbation signals
can induce persistent excitation for the dynamic modes associated with the target system.
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