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Abstract

The grid impedance is time varying due to the changing
structure of the power system configuration and it can have a
considerable influence on the control and stability of grid
connected converters. This paper presents an online grid
impedance estimation method using the output switching
current ripple of a SVPWM based grid connected converter.
The proposed impedance estimation method is derived from
the discretised system model using two consecutive samples
within the switching period. The estimated impedance is used
for islanding detection and online current controller parameter
adaptation. Theoretical analysis and MATLAB simulation
results are presented to verify the proposed method. The
effectiveness of the grid impedance estimator is validated
using experimental results.

I. Introduction

An increasing number of power electronic converters are
being used to connect renewable energy sources to the grid.
In recent years real-time grid impedance estimation has been
researched to improve controller stability and protection
(islanding detection) in these types of converter [1] — [3].
Methods for grid impedance estimation are generally
classified as passive (non-invasive) and active (invasive) [4].
Passive methods use the non-characteristic (harmonic)
voltage and current measurements inherently present in the
system to estimate impedance whilst active methods
deliberately create a disturbance in the grid and the
impedance is estimated from the grid response: in general
good results can be achieved as the injection gives the
measurements used for impedance estimation a high signal to
noise ratio (SNR). Passive methods are preferred as they do
not create additional disturbances in the grid, however the
SNR is much lower and the estimate tends to be poorer.

Several active techniques have been reported in recent years.
Ciobotaru et al. [4] presented an online impedance estimation
technique based on periodical variations of active and reactive
power (PQ variations) of the grid connected single phase
power converter. In [5, 6] a current spike is deliberately
injected at the point of common coupling (PCC) by a grid
connected converter. Based on the voltage response to this
disturbance, the grid impedance value is determined using
Fourier transforms. A similar method employing the
Continuous Wavelet Transform (CWT) to derive the
impedance from transient data is presented in [7]. Asiminoaei

et al. [8] have used a PV inverter to inject a low frequency
non-characteristic harmonic current of 75 Hz by adding a
harmonic voltage to the voltage reference of the PV inverter.
A Discrete Fourier Transform (DFT) amplitude and phase
calculation is then performed to calculate the grid impedance
at that frequency. In [9] an injection of a high frequency
signal comprising one or two voltage harmonic signals is
implemented. The single harmonic injection uses a 500 Hz
signal and the double harmonic injection uses a 500 Hz and
600 Hz signals. The authors in [10], presented a power
network parameter estimation based on stimulations injected
through a pulse width modulator, it creates a stimulation
signal based on Pseudo Random Binary Sequences (PRBS)
which have been used to create harmonic-rich stimulation.
Good impedance estimation can be achieved using the
aforementioned active methods; however, they suffer from a
certain number of problems. These problems are mainly
related to the rate and amplitude of the repeated injections
which are usually kept high to increase the SNR and
adversely increase the total harmonic distortion. In addition,
the estimated impedance accuracy depends on the background
harmonics.

In [11], a passive grid impedance estimation method based on
the inherent switching feature (high frequency harmonics) of
the grid-connected power converter is presented. This method
achieved fast and accurate impedance estimation. However,
the current at the switching frequency is very small, so more
considerations for SNR and small current measurement are
required. A grid impedance estimation method based on the
excitation of the LCL-filter resonance is presented in [12].
The presented technique is based on the fact that the
frequency peak due to the resonance is particularly sensitive
to the grid impedance change. The limitations of this method
are how to excite the system resonance in a controlled way
and the high number of calculations can overload the
processing platform. In [13], an Extended Kalman Filter
(EKF) is used to estimate the time variant grid impedance.
The main disadvantage of this method is the complicated
tuning processes for the covariance matrices.

Another example of a passive method [14] is an analytical
estimation model created in the stationary reference frame to
estimate the total inductance seen by a variable switching
frequency converter using two consecutive current samples.
However, the estimated inductance is sensitive to system
resistance.

In this paper, an improved approach to passive impedance
estimation is proposed. It uses closed form models for grid
inductance and resistance estimation derived from the
discretised system model in a rotating reference frame. It uses


https://core.ac.uk/display/42494143?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

two consecutive samples within the switching period of a
SVPWM based converter — it could be argued that it is using
the PWM itself as an injection signal to obtain the benefit of
improved SNR compared to most passive methods. The new
inductance estimator is completely independent from the
resistance estimator.

This paper is organized as follows. In section II, the system
description and control scheme for a grid connected converter
are presented. Section III presents the derivation of the
inductance and resistance estimation models. MATLAB
based simulation results for different scenarios and
applications of the estimated inductance are given and
discussed in section IV. Experimental results are presented in
section V and finally conclusions are discussed.

II.  System Description
A three-phase grid connected converter system is shown in
Fig. 1. The power converter is connected to the PCC via an
inductive filter. The converter is operated in current control
mode with a sensorless approach to grid voltage detection.
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Fig. 1: Three-phase grid connected converter test system.

Current control loop

The current control loop with a sensorless grid voltage
detection based on a Phase Locked Loop (PLL) is shown in
Fig. 2. The error between the reference and actual measured
currents in a dg rotating reference frame (synchronised to the
grid voltage vector) is processed via a PI controller (together
with cross coupling compensation) in order to achieve
independent control of active and reactive power and
calculate the required converter output reference voltage. A
SVPWM technique is used to drive the power converter
switches.
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Fig. 2: Current control loop with sensorless PLL.

It should be noted that PLL based synchronisation methods
mainly depend on the voltage at the PCC and their dynamic
responses adversely affect the overall system stability
especially in high impedance networks [15].

In this paper, the grid impedance estimator is based on the
current and voltage components measured in the rotating dg

reference frame, so it is important to extract the synchronizing
angle even if the voltage at PCC is highly polluted due to the
presence of a large grid impedance. To overcome this
problem, a sensorless grid voltage detection based PLL is
used [16]. The output voltage from the PI controller of the
quadrature axis current control loop represents the reference
quadrature axis component of the grid voltage V;_p; and it
can be used for synchronization instead of PCC voltage
measurement. The PLL is locked by setting V,_p, to zero as a
phase detector. A PI controller is used to control this
component by minimizing the phase error. The output of the
PI controller is added to a constant value w; which represents
the nominal frequency and hence the output is the grid
voltage frequency w,. A Voltage-Controlled Oscillator
(VCO), normally an integrator, is then used to extract the grid
phase angle 6, (see Fig. 2).

For the impedance estimator, another slow PLL is used as
shown in Fig. 1. The output grid voltage angle from the PLL
6, is fed to a slow PLL and 0,_,; is extracted. 6,_,; is used
to transform the abc current and voltage to the dg rotating
reference frame used in impedance estimation only while 6,
is used within the current controller processes and grid
synchronization.

Space vector PWM

Fig. 3 shows a representation of the basic space-vector and
the reference voltage vector in the stationary reference frame.
It can be seen that the grid connected converter shown in Fig.

1 has eight switching states V; to Vg where Vl to 176 are non-
zero voltage vectors form the axes of the hexagon and each

60° shift, while 177 and 178 are zero voltage vectors located at
the origin [17]. The objective of the space vector technique is

to approximate the reference voltage vector 17;* with the eight
space vectors available in VSI. For instance, if 17;* lies
between two arbitrary vectors V)L-, l7l-+1, only the nearest non-

zero vectors (I_/)L-, l7i+1) and one zero vector (V} or 173) should
be used. Fig. 4 shows the space vector implementation in
sector one as an example.

v, V.

Fig. 3: Basic space vector representation.

The general expressions for each vector time at any sector can
be calculated as [17]:
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Where; T, is the sampling period, s, is the sector number

which can be determined according to the value of converter
reference voltage position.

III. Impedance Estimation Method

The total inductance and resistance (grid plus filter) are
estimated using two consecutive current samples measured
within the SVPWM period and used with the discretised
system model in the rotating dg frame. For the grid connected
converter shown in Fig. 1, the continuous-time model in the
dq frame is:

%idq = %(Ucdq - _jweLidq - Ugdq) (6)
Where subscript dq denotes the axes of an arbitrary rotating
dq frame. ¢ and g refer to converter and grid respectively. Fig.
4 shows typical PWM outputs in sector one and the three
fixed measurement instants in each sampling period, which
are marked as k-2 at the beginning, k-1 at Ty/4 and k at the
middle of the sampling period. It should be noted from Fig. 4
that the converter output phase voltage waveforms are
constant during the time intervals of the voltage vectors V;
and V,, which e.g. for V; are equal to v,,=2V;/3, vp,=-V,/3
and v.,,=-V,/3. However the equivalent instantaneous dgq
voltage components during these time intervals are time
varying, (see v, waveform in Fig. 4). Therefore, the discrete
form of (6) is given in (7 and 8), where subscript “av” denotes
average value, e.g. the discrete voltage vf(;ql_a,, is the average
value of the instantaneous voltage waveform vq,(f) over the
time interval between the sampling instants k-/ and k. The
current derivatives in (6) are approximated using the Forward
Euler method. The discrete model of (6) for two consecutive
samples k and k-1 is expressed as:
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Fig. 4: SVPWM and measuring instants.
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Veidmaw = 0.5 X (Ve + Veqq (12)
The grid voltage is assumed to be slowly varying, so for two
consecutive samples, the v,, components are assumed
constant in (7 and 8) and the discrete model can be rearranged

as:
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The discrete models of the two consecutive samples given in
(13 and 14) are analytically solved for the unknown
parameters (I/L) and (R/L) where R and L are the total
resistance and inductance of the system.
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After some algebraic manipulation, the solution for the
unknown (//L) and (R/L) are given by (15, 16) as shown at
the bottom of the previous page. It is worth noting that the
derived inductance and resistance estimator models are fully
decoupled and independent.

It should be noted that the (R/L) estimator given by (16) is
mainly dependent on the voltage difference and current
derivatives between two consecutive samples. It means there
is a high sensitivity to inaccurate measurements and
averaging which will eventually lead to inaccurate estimates.
Therefore, in the following sections only the inductance
estimator is investigated.

An important practical issue that affects the accuracy of
current measurement during the switching period is the high
frequency current ringing that happens after turn on/off
switching instants [18] due to parasitic inductances and
capacitances within the power electronic system. In order to
mitigate this problem, the estimation is disabled if the on/off
instants have occurred less than 5 ps before the measuring
instants (to allow the ringing to decay).

IV. Simulation Results

The grid connected converter shown in Fig. 1 has been
modelled in MATLAB using parameters listed in table (I). A
random white Gaussian noise was added to the measured
current to reflect realistic measurement noise and the
inductance estimation (15) is performed alongside the
simulation.

symbol meaning value
R, Filter Resistance 0.12Q
L, Filter inductance 4.3 mH
R, Grid Resistance 0.113 Q
L, Grid inductance 0.36 mH
Ve Grid voltage 400 V
Ve DC-link voltage 700 V
1 switching frequency 10 kHz

Table (I): system parameters.
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Fig. 5: (a): The estimated inductance. R, = 0.113 Q for t < 0.1

sand R, = 0.5 Q for t > 0.1 s. (b): Zoom in shows estimation
idle instants.

Figure 5 shows the simulation results for system inductance
estimation with different grid impedance parameters. The grid
resistance is changed at t = 0.1 s from 0.113 Q to 0.5 Q and
the grid inductance is increased at t = 0.2 s from 0.36 mH to 2
mH. The results show accurate estimation of the change in

grid inductance with insensitivity to resistance variations. The
ramp in the estimated inductance is due to the rate limit
applied to reduce the effect of noise and measurement
filtering. Fig. 5-b shows the instants at which the inductance
estimation is disabled to avoid the switching instant
ringing/oscillation.

Islanding detection test

One important application of the grid inductance estimation is
islanding detection. A simulation scenario for the use of
inductance estimator for islanding detection is given in Fig. 6
and the results are shown in Fig. 7.
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Fig. 6: Islanding test system configuration.

The converter is connected to a grid made up of two
connections; one is strong and the other is weak. The strong
connection in Fig. 6 is disconnected at t = 0.1 s and the
estimated inductance changes to a higher value (see Fig. 7-d)
within 50 ms — two supply periods. This is fast enough for the
change in the estimated inductance to be used as a flag for
islanding.
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Fig. 7: Simulation results for islanding detection.

Adaptive current control

In this section, the estimated inductance is used for online
current control loop adaptation. The simplified block diagram
of the current control loop is shown in Fig. 8 and the closed
loop transfer function is given by (17).
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Fig. 8: Simplified block diagram of the current control loop.
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The second order system given by the closed loop transfer
function has undamped natural frequency of w,, = /K, /L and

damping ratio of & =0.5 ’ﬁ(R+Kp). The controller
I+

parameters K, and K; are adaptively calculated to achieve a
specific bandwidth and damping ratio based on the estimated
inductance. The magnitude of the closed loop transfer
function |C(jwy,)| is set to be -3dB at the required
bandwidth and damping ratio as given by (18, 19).

(“’bw Kp)z (R+ Kp)4

IC(wpw)] = L 2L == (18
o (wbw)z(R+LKP)2+[(%)2—(wbw)zr V2
K= () )

Equation (18) is solved using the Newton-Raphson iterative
method for K, and then K; is calculated using (19) to achieve
a bandwidth of 200 Hz and damping ratio of 0.8. The
adaptive parameters are updated once every sampling period
and the same PI parameters are used for both the d and ¢
current loops.

The adaptation of the PI parameters due to change of the grid
inductance is presented in Fig. 9. It can be seen that, at t =
0.05 s the grid inductance is increased to 2 mH giving a total
inductance of 6.3 mH. During the change of the estimated
inductance the PI parameters are also adapted to achieve the
specified bandwidth and damping ratio. Once the new
inductance is estimated and becomes constant, the PI
parameters also become steadily.

..... ]

E aa o
= i)
| I 1
= - I s
T e i e e il L
. ‘_f"'
r
i e |""'I {9
FILYs e
2200
M 2000 1(¢)
1800
0 0.02 0.04 0.06 0.08 0.1 0.12

time, s
Fig. 9: Adaptation of PI parameter with grid inductance
variation.

The time step response at different grid inductance values
without and with the adaptive PI controller for d -axis control
loop is presented in Fig. 10.
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Fig. 10: d-axis step response.

Obviously, it can be seen that without the PI parameter
adaptation, an increase in the grid inductance affects the
performance of the controller and decreases its bandwidth. In
contrast, with the adaptive PI controller, the same step
response before and after the grid impedance change is
achieved.

V.  Experimental Results

To validate the proposed impedance estimator, the current
and voltage waveforms of a three-phase grid connected
converter were captured and processed. The converter was
connected to a Programmable Voltage Source (PVS) via a L-
filter and controlled in rectifier mode using Texas Instruments
TMS320C6713 DSK fitted with the Actel FPGA A3P400
based board. The output line voltage of the PVS was adjusted
at 125 V, the dc-side was set at 200 V and a switching
frequency of 1 kHz was used (the switching frequency is low
as the rig is part of another project investigating medium
voltage switching circuits). The three-phase currents and three
PWM line-to-line voltages were captured and stored for 2.5
cycles using two synchronized LeCroy oscilloscopes. The
current and voltage signals were sampled at 5 MHz and 50
MHz respectively. The three-phase line-to-neutral voltages
were extracted from the measured three-phase line-to-line
voltage as:

Van = %(vub — Vea), Vpy = ;(ch = Vap), Vey = ;(Uca - ch)(zo)
One cycle of measured three-phase currents at the input of the
converter and the extracted three-phase line-to-neutral
voltages are given in Fig. 11.
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Fig. 11: (a): Three-phase supply. currents. (b): Three-phase
line-to-neutral voltages.
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Fig. 12: Estimated inductance.

The current and phase voltage measurements were processed
offline using the inductance estimator model given in (15)
and the estimated inductance result is shown in Fig. 12. It can



be seen that the average value of the estimated inductance is
10.3 mH. An FFT was applied to the measured current and
phase voltage and the inductance was calculated using the
switching frequency sideband frequencies as 10.6 mH which
is closed to the estimated value, demonstrating the
effectiveness of the proposed impedance estimator.

VI. Conclusion

In this paper, closed form grid inductance and resistance
estimation models were derived from the discrete grid
connected converter model in the dg reference frame. The
estimators use two consecutive current samples measured
within the SVPWM switching period. The derived inductance
and resistance estimator models are fully decoupled and
independent. The effectiveness of the proposed estimation
approach for islanding detection and adaptive tune (online) of
the PI current controller gains are verified by simulation.
Experimental results demonstrate the effectiveness of the
proposed impedance estimator.
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