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Abstract—Renewable energy sources such as solar and wind
require power converters and harmonic filters for
interconnection with the grid. Central to the operation of such
systems is the controller, which ensures that the maximum
possible power is transferred from the source to the grid. Of
these controllers, the proportional-integral (PI) controller is the
most commonly used, owing to its ease of implementation. This
report therefore aims at comparing the operation of the PI
controller with its stationary reference frame equivalent known
as the proportional-resonant (PR) controller. Both controllers
are implemented in the voltage oriented control scheme for a
three phase converter connected to a weak grid through an LCL
filter. The characteristics of the controllers are analysed and
compared in both the time and frequency domains. Simulation
results validate the performance of each controller.

Index Terms—PI controller; PR controller; adaptive notch filter;
weak grid

1. INTRODUCTION

Voltage source converters (VSC) with LCL- type filters
are efficient and cost-effective devices to interface the
distributed generators connected on a DC-bus with the AC
grid. To maintain balanced power exchange between both
sides, a VSC requires an effective current control scheme. The
most commonly used controller is the PI controller [1, 2],
owing to its ease of parameter tuning and implementation.
However, the major problems associated with this particular
controller include: inaccuracies in tracking a sinusoidal
reference signal and reduced periodic disturbance rejection
capability [3].

To overcome these limitations, the PI controller is
implemented using a dq0- frame rotating synchronously at
grid voltage frequency and oriented such that the d- axis is
aligned to the grid voltage vector, V. The transformations of
the fundamental current components into this dg0- frame give
rise to DC quantities, hence enabling the PI controller in
tracking non-periodic DC reference signals. In addition, to
improve its dynamic tracking and disturbance rejecting
performance, a grid voltage feedforward is included in the
control loop. However, this may lead to system instability [3].

PR controllers are a special case of PI controllers that can
alleviate the aforementioned disadvantages. They are
implemented in the stationary reference frame, without
voltage feedforward, resulting in a reduced computational
burden on the control system. The principle of such a
controller 1is that it causes an infinite gain at a particular
resonant frequency, allowing for elimination of steady state

errors at that frequency [4]. This makes it possible for the PR
controller to accurately track a sinusoidal reference.

This paper compares the performance of the
aforementioned controllers for AC grid current control of a
grid connected VSC. The grid current harmonic content is
suppressed with an LCL filter prior to injection into a weak
grid. As an LCL filter has infinite gain at its resonant
frequency, it is cascaded with an adaptive notch filter (ANF)
to provide active damping at the resonant frequency. Although
LCL filters are known to provide good harmonic suppression
in grid connected converters, their resonant effect can affect
the stability of the entire closed loop control system. The paper
therefore aims at investigating the effect of the interaction
between the dynamics of the LCL filter and the control
system, with emphasis on comparison between the
performance of PI and PR controllers.

IL SYSTEM CONFIGURATION AND TRANSFER FUNCTIONS

Figs. 1 and 2 illustrate the voltage oriented control
technique [5] implemented for a 3-phase grid connected
photovoltaic (PV) system with PI and PR controllers
respectively. The grid is modelled as a Thevenin equivalent
voltage, V, in series with the grid resistance, R, and grid
inductance, L,. A weak grid, by definition, is characterised by
a high impedance at the network connection point. The PI
controller in Fig. 1 requires 3-phase V/I values to be
transformed to their equivalent dq quantities using Park’s
transform which are DC at the steady-state. Compared to the
PR controller in Fig. 2 which uses Clarke transformation of
AC quantities, not only does this conversion at every sample
duration requires extra computational burden, but also
necessitates the inclusion of decoupling terms in the control
loop, as well as adding feed-forward voltage control [2]. Grid
frequency is tracked using the phase locked loop (PLL)
method, enabling both power system transformations to be
synchronised with the grid. Active and reactive powers can
therefore be controlled independently. An LCL filter provides
harmonic cancellation due to converter switching. However,
at its resonant frequency, the capacitive and inductive
impedances cancel out, producing a negligible resistance with
an infinite gain. An ANF is positioned in the forward path of
the closed loop current control system, introducing a complex
conjugate pair of zeros which cancel out the LCL filter
resonant poles [6]. ANF tuning is performed using the discrete
Fourier transform (DFT) algorithm as implemented in [6]. The
DFT filter is applied to the grid side current, i, from which the
band with the highest frequency is identified as the resonant
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Fig. 1. Voltage oriented control of grid connected VSC with DFT based
active damping (PI controller)[6]
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Fig. 2. Voltage oriented control of grid connected VSC with DFT based
active damping (PR controller)

The undamped LCL filter transfer function is given by:
Gre () = (D

where L;, L, and C are the filter parameters. The resonant
frequency, w,. of the filter is given as:

)
Wres = \,Ll(L2+Lg)C’ @

where L, is the inductive component of the grid.
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The ANF transfer function is:
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Grotcn (5) =

where ; is the damping ratio of the NF zeros,
{, is the damping ratio of the NF poles and
wy, is the natural frequency of the NF.

As the resonant frequency in (2) varies with the grid
inductance, L, adaptive active damping can only be achieved
when w,.; is continuously monitored to update w, in (3). A
DFT filter is therefore applied to monitor the variation and
uses the new grid information to retune the NF parameters in
(3) [6]. This makes NF adaptive to the grid impedance
variation.

The transfer functions for the PI and PR controllers are
respectively given as:

K
Gpi(s) = Kp + :I, )
and
GPR(S) = KP + KI ﬁ, (5)

where Kp is the proportional gain of the controllers,
K; is the integral gain of the controllers and
w, is the PR controller resonant frequency.

The tuning process for K; should ensure that it is large
enough to eliminate steady state error [7] but not too large as
to cause a reduction in phase margin [8]. The controller
parameters are tuned using the symmetrical optimum (SO)
method, which is a loop shaping design technique [9]. With
this method, maximum phase margin is obtained for the entire
closed loop system [10, 11]. For simplicity, the higher order
LCL filter in (1) may be approximated to a first order L filter,
due to the similarity in their characteristics in the low
frequency region. The controller parameter ratings are listed
in Table I.

Table I: Controller parameter ratings

Parameter Rating
Kp 10
K, 5000
w, 314.2 rad/s
w, 0.5 rad/s

III. COMPARISONS IN FREQUENCY DOMAIN

A. Bode Plot of Controller Transfer Functions

Considering (4), the gain at any arbitrary frequency, w will
be:

i) = K
Gp(jw) = Kp + T (6)
If w is at 0 rad/s, the transfer function in (6) will have an
infinite gain, as:

The presence of a large gain at O rad/s enables the PI controller
to track a DC reference without errors, as displayed in the bode
plot of Fig. 3.
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Fig. 3: Open loop Bode plot for PI controllers

Considering (5), the gain at any arbitrary frequency, w is:

®)

Ger(jw) = Kp + K; —

_w2+w02'
If w=w,:

Gpr(jw,) = . 9

From (8) and (9), it is clear that the PR controller offers an
infinite gain only at its resonant frequency, w, and will not
introduce a phase shift at any other frequency [2]. It is
therefore capable of tracking periodic signals without errors.



In practice, non-ideal PR controllers with the transfer
function in (10) are generally considered, owing to stability
issues associated with an infinite gain [12]:

2wcSs

Gpr(s) = Kp + K; (10)

S24+2wes+we?’
where w, is the bandwidth around the frequency, w,.

Fig. 4 shows the ideal and non-ideal PR controller bode
plots. K; sets the width of the band around the resonant
frequency [2] and can therefore be narrow in strong grids,
where the possibility of frequency variations are minimal.

Bode Diagram
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Fig. 4: Open loop Bode plot for PR controllers

B. Bode Plot with a Cascaded Notch Filter

When cascaded with a NF, both controllers respond well
as seen in the bode plot of Fig. 5. The PR controller has a large
gain at the system frequency of 50 Hz. The responses for both
controllers are identical, with the only difference lying in the
magnitudes of the low frequency gains prior to the PR
resonance frequency. The control system bandwidth
frequencies are both 2.67 krad/s with gain margins of 22.5 dB
and phase margins of 73.9°. This emphasises that the
additional integrator in (5) has no effect on the stability
margins of the system. Its core function is to produce a large
gain at w, for periodic waveform tracking.
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Fig. 5: Open loop Bode plot comparing PI and PR controllers

C. Analysis for a Unit Step Input

If E(s) represents the current feedback error transfer
function and R(s) is the input signal transfer function, the
steady state error (ess) for the feedback control system can be
computed using the final value theorem (FVT) as:

egs = £§135E(s). an

Mathematically,

1

E(S) - 1+G¢(S)G(S)

R(s), (12)

where G(s) represents the combined transfer function for the
PWM delay, LCL filter and grid while G,(s) is the controller
transfer function. The FVT is employed to evaluate the
controller response to a step input. For a sinusoidal input, the
FVT is not applicable, since no final steady state value exists
[13]. The transfer function for a unit step input is:

R(s) = ~. (13)
The error signal, E(s) for a PI controller according to (12) is:
_ 1
E(s) = s+(sKp+K)G(s) 14
Applying the final value theorem of (11) to (14):
e = lirr(} sE(s) = 0. (15)
S—

This verifies the ability of a PI controller to eliminate steady
state error for a step input, with the aid of the integrator action.

The error signal, E(s) for a PR controller according to
(12) is:

s2+wo? 1

E(s) = 2 +wo2 +[Kp(s2+wo2)+K1]G(s) s (16)
Applying the FVT:

— lim sE(s) = ©o” 17

€ss = ;_{%S (s) = Wo2+(Kpwo2+K]G(s) 17

As verified by (17), a steady state error exists for a PR
controller tracking a step input.
D. Analysis for a Unit Step Disturbance

For a disturbance, D(s) the transfer function for error due
to disturbance, Ep(s) is:

- __6®
Ep(s) = YRETI) D(s). (18)
For a PI controller:
_ sG(s)
ED(S) - s+(sKp+KG(s) D(S)' (19)
And for a unit step disturbance:
_ G(s)
Ep(s) = s+(sKp+K)G(s) (20)
Applying the FVT to (20):
ess = linssE(s) =0. 2n
S—
For a PR controller:
_ G(8)(s*+wo?)
Ep(s) = 2+ w2 +[Kp(s2+we?)+K]G(S) D(s). 22)
Applying the FVT to (22):

wo2G(s)
wo2+[Kpwo2+K1]G(s)

€gs = lin(l) SE(s) = — (23)
S—

Equations 21 and 23 verify that while a step disturbance can

be rejected by a PI controller, an error persists for a PR

controller, since the gain exists only at its resonant frequency.

IV. COMPARISONS IN CONTROL PERFORMANCE

The performance of the controllers implemented in the
current control loops of a grid connected VSC as in Figs. 1
and 2 are investigated with the system parameters specified in



Table 1II. All simulations are performed using
MATLAB/Simulink software.
Table II: System parameter ratings [6]
Parameter Rating
VSC Rated Power (P) | 100 kW
Grid frequency (f) 50 Hz
L/C/L, | 5 mH/88.4 pF/68.8 nH
Resonant frequency (f.s) 2.06 kHz (13 krad/s)
Grid Impedance (Ry/ L,) | 0.5 Q/1 mH
Sampling frequency (f;) 10 kHz
Notch filter damping ratio ({1/J3) | 0.01/1

A. Controller Step Response

The step responses for the controllers are shown in Fig. 6.
The rise time for the PR controller is faster by 0.3 ms, which
is attributed to the additional integrator. However, as it is
tuned to 50 Hz, there is a steady state error of 6.1%, due to the
DC input. The PI controller, on the other hand, settles without
steady state error.

Step Response
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Fig. 6: Comparing step responses for PI and PR controllers

B. AC reference tracking

When provided with a sinusoidal reference, the results for
the grid current are seen in Figs. 7 and 8. The PI controller
tracks the sinusoidal reference with a visible steady state error,
which significantly reduces when the feed forward voltage is
considered. To completely eliminate the error, a logical
solution is to increase K; such that a large gain occurs at the
reference frequency based on (6). Alternatively, the voltage
feedforward term can be increased. Both increments must be
carefully implemented as they negatively affect the stability
margins of the system, especially in the case of weak grids
[14]. The PR controller in Fig. 8, on the other hand, perfectly
matches the reference even in the absence of a grid voltage
feedforward [2].
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Fig. 7: Grid current with PI Controller tracking an AC reference
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Fig. 8: Grid current with PR Controller tracking an AC reference

C. Disturbance rejection

A disturbance is added to test the robustness of the control
systems. The nature of the disturbance itself determines the
response of the controller. DC disturbances in the form of
asymmetrical faults produce DC offset in electrical power
systems [15]. For the DC disturbance introduced in 0.1
seconds as seen in Fig. 9, the PI controller response in Fig. 10
shows the controller is capable of DC disturbance rejection, as
proved in (21). The PR control produces an unbalanced
current with a DC offset in phase C, as seen in Fig. 11. The
phase A current amplitude in the positive half cycle is roughly
10% higher than that of phase C. This further verifies the
inability of a PR controller in rejecting DC disturbances, as
proved in (23).
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Fig. 9: DC disturbance
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Fig. 10: Grid current with PI controller under a DC disturbance
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Fig. 11: Grid current with PR controller under a DC disturbance

D. Voltage Harmonics Interference Rejection

For a weak grid consisting of 3™ and 5" order harmonics
as seen in Fig. 12, the PI controller produces the current in Fig.
13 with a total harmonic distortion (THD) of 10.86% observed
in Fig. 14. The series NF is tuned only to the LCL filter
resonance and is therefore incapable of low order harmonic
compensation. Furthermore, the PI controller cannot
compensate low order harmonics due to its limited bandwidth
[2]. Although a higher bandwidth can be achieved by
increasing Kp, it will be at the expense of system stability. In
the case of the PR controller, the measured grid current in Fig.
15 has a slightly reduced THD value of 7.63% as shown in
Fig. 16. Both controllers must therefore be equipped with
secondary harmonic compensators (HCs) for adequate grid
current harmonic compensation.
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Fig. 12: Grid voltage with 3rd and 5th order harmonics
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Fig. 13: Grid current with harmonics (PI controller)
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Fig. 14: THD of grid current (PI controller)
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Fig. 15: Grid current with harmonics (PR controller)
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Fig. 16: THD of grid current (PR controller)

The low order harmonics in the PI control system can be
compensated through the implementation of a parallel set of
HCs in the synchronous reference frame acting on the
harmonics in a selective manner. These HCs may also be
implemented for the PR control system, as they have no effect
on the dynamics of the controller, since they are restricted to
frequencies close to their respective resonant frequencies [16].
The ideal HC transfer function for the h™ harmonic is given
by:

s
s2+(hwy)? ’

Guc(s) = Zh=3,5,7,... K 24)

E. Varied grid impedance

When the grid impedance in Figs. 1 and 2 changes from 1
mH to 5 mH, the short circuit ratio (SCR) of the system
changes from that of a strong to a weak grid [6, 17]. For a
change in grid inductance, L, the resonant frequency of the
LCL filter will also vary according to (2). Figs. 17 and 18
show the grid current responses of both control systems when
the NF is initially tuned to the resonant frequency
corresponding to 1 mH. For a change in grid inductance to 5
mH, both control systems are able to track the new resonant
frequency using the 512-point DFT method described in [6]
and adapt the NF frequency to this frequency, thereby
producing ripple-free currents. Fig.19 compares the actual
resonant frequencies at different L, values with those detected
by the PI and PR control systems. With both producing almost



identical results with the actual values, it is therefore
indicative that resonant frequency detection and subsequent
control action is independent of controller type and grid
strength.
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Fig. 17: Grid current under varied grid impedance (PI controller)
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Fig. 18: Grid current under varied grid impedance (PR controller)
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V. CONCLUSION

The paper presents a performance comparison for PI and
PR controllers in a grid connected converter with LCL and
notch filters. Results indicate that for a weak grid, the PR
controller is indeed superior to the PI controller in terms of
AC current tracking control and offers higher computational
efficiency. In terms of disturbance rejection, the PI controller
has shown to be more effective in rejecting DC disturbances
that arise in power systems due to faults. With respect to the
distorted grid voltage, both controllers are deficient even with

the cascaded NF and therefore require additional harmonic
compensation techniques. Both control systems, however, are
equally efficient with regards to detecting resonant frequency
variations due to changes in the grid impedance and
subsequently retuning the natural frequency of the cascaded
NFs.
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