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Abstract—With increasing levels of small-scale distributed
generation (DG) systems connecting into the electrical grid,
there is a growing awareness of potentially adverse interactions
between these systems and the grid because of their differing
responses to steady state and transient network events. To
study these issues, it is important to use simulation models of
both the grid network and the DG inverter systems that are
sufficiently detailed to realistically represent their real world
physical system behaviours. However, inverter systems are
usually simulated in detail using specialist packages, which are
not particularly suited to modelling larger scale power systems.
Similarly, power system simulation packages typically
represent inverter systems using simpler averaged models,
which do not adequately reflect the inverter’s real dynamic
response to transient events. This paper addresses this issue, by
presenting a detailed power inverter model developed within
the DigSILENT power network simulation package, which is
sufficiently detailed to represent the inverter operation up to
the PWM switching frequency, but is still computationally
viable for use with larger scale system studies.

1. INTRODUCTION

The levels of Distributed Generation (DG) injecting into
the electrical distribution network at or near the end-user
connection point, have been steadily rising over the past few
years [1-3]. One consequence of these rising injection levels
is an increasing concern about the potential impact of DG
systems on the control and operation of their associated
power system network. Hence the control structures of these
systems need to be considered within the framework of their
associated power system network [4, 5]. Typically, this is
done by incorporating a simplified “averaged” DG inverter
model into a standard power system analysis package.

Two of the most significant concerns for large scale DG
penetrations are their effect on network feeder voltage
profiles and on distribution grid fault protection responses.
Ref [6] investigates the voltage profile issue, reporting on
the impact of high levels of PV penetration in residential
areas taking into account transformer and feeder impedances,
and levels of penetration. Ref [7] explores the feeder
protection and operation issue, looking at the case of high
residential PV penetration on a distribution feeder protection
system. Such references identify significant voltage profile
and system protection influences caused by high PV
penetration levels, with differing levels of impact depending
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on whether a few large size DG units or many small-size PV
systems are installed [8]. The further impact of energy
storage devices associated with DG units is discussed in [9],
and suggests that the network transient stability can actually
be improved using energy storage devices such as batteries
and ultra-capacitors.

Another significant issue for increasing penetration levels
of DG systems is grid harmonic distortion which is discussed
in [10-15]. Ref [10] proposes a harmonic analysis method
based on inverter output impedance if the switching
frequency is much higher than the frequency of interest,
suggesting that limitations should be specified for
impedances that are used in DG inverter design. Other
approaches have also been proposed [11, 15] to compensate
for DG system harmonics.

Many of these studies model the DG inverter system as
an average equivalent voltage source behind reactance,
similar to a conventional rotating machine. Some include a
simplified closed loop regulation system for the inverter, but
almost all ignore what are known from inverter studies to be
important second order effects, such as modulation
harmonics, sampling delays, and closed loop gain settings.
Hence the validity of their modelling in terms of representing
the response of a real physical inverter system is at best
uncertain.

This paper addresses this issue, by developing a detailed
model of a DG inverter system within the power system
analysis package DigSILENT [16]. The model controls a
DigSILENT switched inverter block using a detailed leading
edge closed loop current regulator that is based on an
existing inverter model developed previously in PSIM and
then experimentally validated [17]. The outcome provides
the capability to combine a validated accurate inverter model
with a detailed model of a grid network, to efficiently
explore the overall system and multiple DG inverter
responses to a variety of network loading conditions and
transient events.

II. THREE-PHASE DG CONVERTER MODEL

Fig. 1 shows the structure of a typical three phase voltage
source inverter used to connect a DG system to the electrical
network. It consists of a center tapped dc voltage source (the
DG energy source) which supplies a switched three phase
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Fig. 1. Structure of a three phase VSI used for a DG system.

bridge converter. The converter outputs connect to the utility
network via an LCL filter at the point-of-common-coupling.

The converter is controlled by a high level PQ control
algorithm that calculates the required currents to inject
commanded levels of real and reactive power for given
measured grid voltages. These commanded currents are then
processed by a lower level current regulator, to create
commanded average output voltages for each phase leg that
feed through the Pulse Width Modulator to generate the
phase leg switching commands. To adequately simulate the
dynamic response of such a DG inverter system, it is
important to properly represent all three of these converter
control systems.

For control purposes it is convenient to transform the
converter variables into a synchronous rotating dg reference
frame using the following abc to dg transformation.
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This transformation allows simple PI structures to be
used for the power and current controllers, since they operate
on “dc” converter variables in the synchronous frame and
hence can achieve zero steady-state error because of the
infinite DC gain of a PI regulator. Furthermore, only two
regulator structures are required, in the d and q axes only,
because the floating neutral connection of the utility grid
means that the three phase currents must always sum to zero,
and hence there is no fundamental zero-sequence current
flowing through the inverter system.

III. CONTROL SCHEME FOR THREE-PHASE DG SYSTEM

A. Primary Control Structure

The main objective of the controller is to regulate the real
and reactive power that is injected into the grid system, using
a closed loop current regulator that drives a high frequency
PWM switching controller. The detailed structure of the
primary control system that achieves this objective is shown
in Fig. 2.

The target real and reactive power commands P, and
Qrey that feed into the system are either commanded from a
remote controller, or are set to constant values for a desired
level of PQ control. As indicated in Fig. 2, i ;. and ug,,. are
measured in the abc frame, and then converted to the dg
frame using (1). These commands are then compared against
the measured real and reactive power, calculated using

2
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where u4, and iz, are the measured grid voltages and
currents in the dq frame. The power errors are then processed
by standard PI regulators to generate commanded values for
the current regulators in the next level down control system.

The current controllers are conventional synchronous dg
frame PI current regulators, with their PI gains set to the
maximum possible stable values as will be discussed in
Section C. The regulator outputs command the required
modulation indices for the three phase inverter system, and
are converted back to the stationary abc frame and fed into
an asymmetrical regular sampled PWM modulator system to
control the switching of each phase leg. Simulating the
control systems in this way is well established in the
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Schematic diagram of the three-phase DG unit and its corresponding control architecture.



literature as a technique that achieves a highly accurate
simulation representation of real physical converter system
operation, including in particular their high frequency
dynamic and filter responses [17].

B. Active Damping

Most leading edge DG converters use an LCL output
filter system to get better switching frequency harmonic
attenuation with reduced size filter components. These filters
introduce a resonance peak into the plant frequency response
which can cause resonant stability problems. Typically,
either passive or active damping within the current regulator
is required to avoid this instability [18, 19]. However, since
passive damping increases the system losses, active damping
by introducing a compensation term that is proportional to
the capacitor current is the preferred approach.

Fig. 3(a) shows a single loop representation of the d and
q axis PI current regulators, modeled in the s-domain. The
controller transfer function is given by

Ge(s) = Kp(1+2) 3)

with a proportional gain K, and an integral time constant ;.
From previous work [19] the LCL filter transfer function is

Gig(s) = LYl )

sLy (s2+wFes)

where w,..s is the resonance frequency given by
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Note also that in this representation, the inverter has been
modelled as a DC gain (V,.), and a delay e™S7¢ has been
included to represent the effects of controller sampling and
PWM transport delay [17].

Fig. 3(b) shows how active damping can be introduced
into this system, where the capacitor current i.(s) is used as
a feedback signal, with a damping gain of K;. The LCL filter
transfer function is now split into two parts to model this
arrangement, as

1 s?

Gic(s) = oLy Proley) (6)
g _ i gy = Yic
iC(S) lgc(s) s2 (7)
i) - - G.(3) e iy G () -i (s)
'
(a)
i) - - G(5) - —e Ty, O G () @ . i(s)
i i
K, =
(1]
Fig. 3. Single-phase equivalent PI regulator. (a) Single loop regulator.

(b) Dual loop regulator with capacitor current active damping.

To ensure a worst case damping scenario, winding resistance
and core loss of the inductors have been neglected in this
modelling [17].

To analyse the frequency response of these two
regulators, their open loop forward path expressions can be
developed using (3)-(7), to achieve respectively

Hsingle loop (S) = e_STdVchc(S)Gig (S) (8)
YLD G (5)Gie(5) ©

1+5Ti+KqV 3cGic(s)

Fig. 4 shows the corresponding frequency response of
these two forward path transfer functions. With the single
loop controller, there is an LCL filter resonance at 7.6
krad/sec, which introduces a sharp phase shift of —180° with
a large magnitude peak. This is very likely to create an
unstable operating condition for the controller, unless the PI
gains are significantly limited. As can be seen, active
damping essentially eliminates this resonance from the
forward path, allowing the PI regulator gains to be
substantially increased while still maintaining stable control.

Hdamped (S) =

C. Current Controller Gains

The PI regulator gains are readily calculated using the
methodology proposed in [17]. The maximum possible
proportional gain is computed by

wce(Lf+L
K. ~ c(Lg+Lrg)

,~ (10)

Vbpc

where w, is the crossover frequency calculated based on the
desired phase margin ¢,, and on the sampling period of
T = 1/ fsqmp» according to

/2—¢m
¢ = T3r2 11

If the phase contribution of resonant time constant t; is
small at the crossover frequency, an appropriate value for the
integral time constant can be obtained. Setting 7; = 10/ w,
ensures an approximately 90° phase contribution at the
crossover frequency, which gives the best possible frequency
response without affecting the system stability. For the
designed system with a resonant frequency of f..s =
1.2094kHz, sampling frequency of foum, = 10kHz and

Phase (deg)

Frequency (rad/sec)

Fig. 4. Bode plot of the transfer function as defined in (8) and (9).
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Fig. 5. Three-phase dq-PLL.

desired phase margin of ¢,, = 45°, the PI gains are
calculated using these concepts as K, = 0.0731547" and
7; = 0.00191s.

D. Phase-Locked Loop (PLL)

The physical voltages and currents must always be
measured in the stationary abc reference frame. Since the
control structure is based in the synchronous dg frame, these
quantities must be transformed before being used in the
control loop calculations, and this requires continuous
knowledge of the synchronous frame reference angle. This is
measured using a phase locked loop as shown in Fig. 5.
Essentially, the loop compares the angle of the quadrature
axis voltage u, against zero, and forces the synchronous
frame angle to the value that achieves this result using a
standard PI regulator to process the error.

IV. IMPLEMENTATION IN DIGSILENT

The modelling concepts presented above have been
incorporated into the DigSILENT power system analysis
package, starting with the basic power stage shown in Fig. 6.
The inverter modelling is based on the “PWM converter”
model with two DC connections. The DC connections are
connected to a DC source which can represent the primary
source of power. Then, to add the LCL filter, two “Common
Impedances” are used for inverter-side and grid-side
inductors, and a “Shunt/Filter C” is located in between these
inductances for filter capacitance.

DG Bus

External Grid
0 Seuree

Fig. 6. Power stage of the three-phase DG unit (single line

presentation).

A. Block Definition

The required control system structures are now
constructed to create the full model DG system. Fig. 7 shows
the overall control structure of the DG unit as implemented
in DigSILENT. The composite frame consists of voltage and
current measurement blocks, sample and hold blocks, clock
generator, dg transformation block, PLL system, power
control frame (PQ), current control frame (Current) and
finally the modulation indexes which are fed into the inverter
modulator and power stage.

The Current 3ph block and the Shunt Current block are
the current measurement devices located at the grid side
inductance/filter and on the filter capacitance respectively.
To measure the PCC voltage the Voltage 3ph block is used.
The ab2dq block includes the transformations required for
the voltage and the current values to change their frame of
reference to the dg rotating frame. The PQ block calculates
the active and reactive powers and then generates the current
references to be fed into the Current block. Finally, this
block creates the modulation indexes for the Inverter block.
The PLL block is added for the purpose of synchronization to
the grid.

cl
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Scheme of the DG converter controller implemented in DigSILENT.
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B. Sampling and Clock Generation

To account for digitalization, sampling blocks are used
with the same clocking sequence for all of the sampling
blocks. One important issue was to ensure that the power
stage voltages and currents were measured exactly at the
transition point of each half carrier period (synchronous
sampling) as shown in Fig. 8, to avoid sampling the
switching ripple effects. This required the inclusion of the
sample and hold model (ElmSamp) into the variable
measurement blocks, to keep the measured quantities
constant over each half carrier period. The sampling
frequency is set to twice the switching frequency of the
inverter. The sampling is done at the rising edge of the clock.
Therefore, the clock is defined in a fashion that the rising
edge of the clock is located exactly at the minimum and
maximum points of the carrier. This eliminates measurement
of the switching ripple current.

C. Power Control Block

The implementation of power control in DigSILENT is
shown in Fig. 9. This is the control block identified as the
PQ block in Fig. 7. It begins by calculating the actual real
and reactive power for the converter, using the measured (dg
frame) voltages and currents. A PI regulator then compares
the power setpoints (Note there is a higher level of control
which generates these power setpoints) against these actual

powers, and uses the errors to command the required currents
to achieve the commanded real and reactive power. A
particular benefit of this approach is that commanded step
changes in power flow translate to ramp changes in the
commanded current because of the action of the PI
controller, which reduces transients injected into the
distribution system from the converter.

D. Current Control Block

Fig. 10 shows that how current regulation is implemented
in DigSILENT. The reference currents are provided by the
PQ block. The mathematics of the modelling of the current
regulator have already been explained in Section III part B
and C. In order to apply active damping, the measured
capacitor currents are fed into this block as well. These
currents are added as additional feedback signals after the PI
regulators, with a damping gain of K;.

The outputs of the current controllers are the commanded
dq frame voltages that are required to be produced by the
converter power stage. They are converted back into
stationary frame ff commands as the output of the control
block, to suit the DigSILENT power stage representation of
the converter system shown in Fig 6.

V.SIMULATION MODELS AND RESULTS

A. Distributed Generation Unit

Fig. 11 shows the simulated performance of the DG
system, presenting the converter side current (upper trace)
and the grid side current (lower trace). The converter side
current has an obvious switching ripple component, while
this ripple is not present in the grid side current. This
demonstrates the very effective response of the LCL filter in
preventing the inevitable converter side switching harmonics
from injecting into the grid network. Fig. 11 also illustrates
the excellent transient step response achieved for the
regulator where the current increases magnitude rapidly and
smoothly as the commanded power reference changes, with
no sign of overshoot or transient instability.

DigSILENT is a power system analysis tool that is
primarily used for electrical network planning and operation
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(upper trace) Converter side. (lower trace) Grid side.

optimization. However, its use in the context of this
investigation requires it to implement a more detailed
simulation of the DG inverter system, including a quite
precise representation of the inverter switching processes.
Hence to validate the accuracy of its simulation, it was
compared against the more established power converter
simulation package — PSIM. This strategy has the further
advantage that previous work had already verified matching
PSIM models against experimental test converters, and so
there was a high level of confidence that the PSIM
simulation accurately reflected the physical performance of a
real world converter.

Fig. 12 shows results for both packages, with the left and
right hand columns in this figure providing results for
DigSILENT and PSIM respectively. For these results, the
DG unit is controlled in an active/reactive power control
mode. The reactive power setpoint is set to zero, while the
active power has a non-zero value which has a commanded
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step change from 4kW to 10 kW at 0.04 s.

The first row of Fig. 12 shows the three-phase grid
currents for both simulations, where it can be seen that the
results are essentially identical to each other (including in
particular the transient responses). The next two rows of Fig.
12 show the dynamic response of the power controller and
the current controller respectively in the dq frame for the step
change in the commanded real power at 0.04 seconds. For
the power controllers, shown in the second row of Fig. 12,
the inverter output real power quickly follows its setpoint
from 4 kW to 9 kW within a fraction of a fundamental cycle
without any overshoot or stability oscillation. At the same
time, the reactive power is kept at OVar, again without any
significant transient overshoot. In fact, there is some
evidence from detailed investiation that the small fluctuation
in reactive power that occurs during the real power step
change is actually a measurement artifact, as the PLL tracks
the change in network load angle of the DG system as the
real power increases. Matching results obtained with the
PSIM model on the right hand side of Fig. 12 confirm the
validity of the DigSILENT simulation response.

For the current regulator, the commanded active power
corresponds to the direct axis current, while the commanded
reactive power corresponds to the quadrature axis current.
Hence the real power change causes a step in the d-axis
current (i4), while the g-axis current component (i,) remains
at zero because there is no reactive power injection into the
grid. The last row of Fig. 12 shows how the current regulator
very accurately tracks the currents commanded by the higher
level power regulators. Once again, the essentially identical
response of the DigSILENT and PSIM models confirms the
validity and accuracy of the DigSILENT model. Note also
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how the current references do not actually change instantly,
because of the somewhat delayed response of the PI power
regulators to the actual commanded power step.

As final confirmation of the performance of the
DigSILENT model, the phase A currents for the two
simulation packages are plotted in detail against each other in
Fig. 13. The steady state results match perfectly, while the
transient current responses during the commanded power
step are extremely close. The slight differences in transient
response are essentially caused by the differing approach
used for the numerical calculations in each package, and are
not significant.

B. Microgrid

To study a multi-bus multi-DG  system, a 20-bus
microgrid was constructed incorporating  distributed
generation as shown in Fig. 14. For this network, a DG unit
modelled using the approach just presented was connected to
each bus, together with a local PQ load on the bus. The total
penetration of the DG units was limited to not exceed 40% of
total installed load, with the remainder of the microgrid
power being supplied by the synchronous generator at the
“Station” bus, as shown in Fig. 14. To prevent switching
harmonic coherency between the inverters, the switching
frequency of each inverter was randomly set with different
values between 5 kHz to 6 kHz.

For this study example, while the DG units are injecting
real power into the grid, a step change in reactive power
reference is applied to each DG unit. The active power
injection of all DG units is 4 kW and at 0.05 s the reactive
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Fig. 14.  20-bus microgrid.

power injection of DG units increases to 2 kVar.

The power output of DG units is shown in Fig. 15. The
dynamics of the system insure a secure transition to the new
operation point. The synchronous generator output powers
are presented in Fig. 16. It is shown that as could be
anticipated, at 0.05 s, when reactive power generation of DG
units changes, the reactive power injected by the
synchronous generator decreases while its active power
slightly increases because of the changes in losses in the
network.

To illustrate the impact of this increase in reactive power
generation along the distribution feeder, the voltage
magnitude is shown in Fig. 17 for two buses along the
feeder, one at the synchronous generator terminal (upper
trace), and one for bus #20 at the end of the feeder (lower
trace). As the reactive power injection increases from the
distributed generation system, the voltage profile along the
feeder increases, with minimal overshoot and no sign of
dynamic instability during the transient event.

VI. CONCLUSION

This paper has presented a modelling strategy for DG
converters that is suitable for studying the large scale
integration of DG systems into the electrical grid. The model
combines the fundamental inverter switching modulation
process with a leading edge current regulator and higher
level real and reactive power controllers, to create a detailed
representation that fully describes the inverter steady state
and transient responses to grid connection events. The
inverter connects to the grid via an LCL filter, and the
controller gains are set to their maximum possible values,
using a deterministic calculation that is based on the filter
components and modulation/control sampling and transport
delays. Matching models were developed using the
DigSILENT power systems analysis package and the PSIM

Synchronous Generator Real Power

Power (kW)

Synchronous Generator Reactive Power

Power (kVar)

Time (s)

Fig. 16.  Synchronous Generator Powers
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power electronic converter modelling package, to confirm
the validity of the approach. The result is a model that is
sufficiently accurate to match known experimental behaviour
of these types of converter, and is computationally efficient
enough to allow large numbers of converter systems to be
simulated in a large scale grid network with confidence that
the results are a realistic reflection of a real physical system.

APPENDIX

The parameters of the DG models used in this paper are:

(1]

[2]
[3]

(4]

[3]

Ly =12.7mH, Ly, = 1.27 mH, C; = 15 uF,
Switching Frequency = 5 kHz

Sampling Frequency = 10 kHz

Grid Voltage =400 V (rms)

Grid Frequency = 50 Hz.
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