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Abstract

This paper analyzes the influence of state feedback coupling between the capacitor voltage and
inductor current in voltage source inverters (VSI) operating in stand-alone microgrids. A decoupling
technique is proposed as an effective measure to enhance the dynamics. Further implementation issues
and control structures are also considered. Lab-scale experimental results prove the validity of the
approaches.

Introduction

Voltage and current regulators play an important role in modern applications of power electronics,
such as variable speed drives, active power filters, and microgrids [1]-[3]. The general power processor
unit used in these applications is the Voltage Source Inverter (VSI) operating in current or voltage
control mode depending on the application. The current loops are responsible for controlling torque in
ac machines, harmonic compensation in active power filters and microgrids. Moreover, current and
voltage regulation is needed in isolated microgrids. Hence, accurate control of current, voltage or both
is required for the VSI to succeed in implementing the desired feature of each application. It is expected
from any current or voltage regulator to [3],[4]: i) achieve zero steady-state error; i) accurately track
the commanded reference during transients; iif) have a bandwidth as widen as possible; and iv) mitigate
low order harmonics.

Linear regulators suit very well for analysis with classical control theory. Among linear regulators
the PI implemented in the stationary and synchronous reference frames [4],[5], and Proportional +
Resonant (PR) [6] in the stationary reference frame are the most common regulators used in these
applications. Due to the importance of these regulators, there has been substantial research activity in
the subject throughout the years [7]-[10].
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PR controllers avoid the rotations used in synchronous PI regulators and can be used directly in
single-phase systems. In some applications, non-ideal PR is used to avoid implementation problems in
low cost processors [6]. Another implementation, called complex vector PR was initially applied in
sensorless ac drives [11]. It is derived from two complex vector Pls [12] and is implemented in the
stationary reference frame. Independently of the PR controller used aspects of discretization,
computation and PWM delays, and system couplings (when LC filters are used in the output of the
VSI) are important issues that must be taken into account when designing these controllers [13].

This paper addresses the analysis and design of different current control implementations for VSI in
isolated microgrids. Even though extensive research has been done in systems for grid connected
applications, the isolated microgrid structure has not been previously discussed in depth. In such cases
the coupling between the capacitor voltage and inductor current plays an important role in the
performance of current regulators. The aim of this paper is to analyze the performance of current
regulators with respect to: the effect of voltage coupling in the performance of these regulators; the
effect of the computation and PWM delays in their design; the effect of discretization methods, and the
main differences between the PR controllers.

System Description

The control of parallel-connected VSIs in isolated microgrids is based on droop control strategy
that provides the voltage and frequency references for the inner loops [3]. In isolated microgrids the
VSI operates in voltage mode where the capacitor voltage and inductor currents are the controlled
states. The block diagram including three-phase three-legs inverter with its inner loops is presented in
Fig. 1. The goal of the inner current loop is to track the commands from the outer voltage loop.
Whenever the current regulator is unable to perform properly this goal the system performance

degrades.
o | Load \
= Regulators

".5| Reference
generator

State feedback decoupling

\Physical Plant

State feedback coupling

Fig. 1. Block diagram of a three phase Fig. 2. Simplified state block diagram of the closed-loop
VSI with voltage and current loops system

The simplified control block diagram of the closed-loop system is shown in Fig. 2, where V7, g and
Izaﬂ are the reference voltage and current vectors and I,qp is the output current vector. G;(s) and
Gy(s) represent the current and voltage regulators transfer functions (TF), Gy (s) is the TF related

to computation and PWM delays, and Gg..(s) is the TF related to the decoupling of state feedback
cross-coupling.

Analysis and Design of Current Loop

In design cascaded or multiple loop systems as the one shown in Fig. 2 it is used serial tuning
where the innermost current loop is designed first. The current regulators analyzed in this work are: 1)
proportional P; ii) ideal PR; iii) non-ideal PR, and iv) complex vector PR. The TF of each regulator are
presented in Table I, where w, = 2n50 rad/s is the resonant frequency. First, the state feedback
coupling effects in the application and delay modelling issues are analysed and a simple decoupling
solution is proposed.

P.2



Implementation issues on the design of current loops based on resonant regulators DE BOSIO Federico
for isolated microgrids

Capacitor voltage coupling and delay modelling issues

The basic assumption in ac drives and grid connected applications is to neglect the cross-coupling
due to the capacitor voltage, i.e. the grid voltage or back-emf can be treated as a disturbance to the
current loop. The regulator proportional gain is selected to achieve the desired bandwidth (f},,), which
should be much faster than the outer loops [14]. For the design of the regulator bandwidth, another
assumption is to neglect the computation and PWM delays. However, the error introduced by this
assumption can be very large depending on the delay (Gpy () = e~ T45), its approximation used in
the design, and on the chosen bandwidth. A first order Padé approximation for it is the common
choice. There are at least two different ways to approximate the delay: 1) e~ 745 = 1/(1 + Tys); 2)
e TaS = [1—(Ty/2)s]/[1+ (Ty/2)s]. It can be seen that the second expression preserves the
magnitude, and for frequencies until 0.1f; the phase difference is negligible. Therefore, it is more
appropriate to be used to design the regulator. Furthermore, the non-minimum phase zero presented is
useful to understand how the system can become unstable when the regulator gain increases [15]. For
the value of the delay used in this application (T; = 1.5Ts), and the bandwidth chosen for the inner
loop (fpw = 1 kHz), the gain difference neglecting the delay model or including it is more than 50%,
which proves the importance of its consideration in the tuning process when the system bandwidth
approaches 10% of the switching frequency (f; = 1/Ts).

Table I. Inner Current Loop G;(s) Table II. System Table II1. Control
Non-ideal PR Ideal PR Cor:lpli’?;{ parameters Parameters
controller controller vector Parameter Value Parameter  Value

controller Switching Proportional
k k fs =10 kHz . ke, = 6.42
vl 2ok vl K kp . s2 + kis frequency gain
WekirS ius - T Filter Integral gain ki =311
+ + 2 2 - i
52 4+ 2w.s + (hw,)? 52 + (hw,)? s? + (hwo) inductance Ly=18mH Damping — S rad
Filter C. =27 term wc =5rad/s
X = uF
capacitor
Inductor ESR R=0.1Q
Rated load R, =680

Because of the cross-coupling between the capacitor voltage and inductor current (see Fig. 2), the
usual assumption in the design stage that the controlled states are decoupled does not hold true
anymore. Fig. 3 shows the root locus (RL) for the inner current loop by considering the delay model
Grwm (5) = [1 = (Ta/2)s1/[1 + (Ta/2)s].

The system and control parameters used in the simulation and experimental results are presented in
Table II and Table III, respectively. Due to the capacitor coupling the dominant open loop poles are
imaginary. As a result, the closed loop system has low damping no matter the tuned gain. For the
desired bandwidth of 1 kHz (k,; = 5.62), the closed loop poles and their features are presented in
detail. Furthermore, this RL shows that due to the right half plane zero (non-minimal phase zero) the
system can become unstable for certain gain values. This behaviour cannot be predicted when
Gpwm(s) = 1/[1 + Tys] is used as approximation

Ideally, if it is possible to exact decouple the controlled states (cancel the cross-coupling) as shown
in Fig. 2, the inner current loop is not affected anymore by the capacitor voltage. The open loop
transfer function used to analyse and design the current loop is OL(s) = k,;Gpwu(s)/(Ls + R). The
correspondent RL is shown in Fig. 4. As can be seen, due to the cross-coupling decoupling the open
loop poles are real. Therefore, the tuning is much easier and the resulted closed loop poles (showed in
the highlighted area) for the same bandwidth of 1 kHz present a damping much higher than for the
case without decoupling. Furthermore, the system will be stable for values of k,; < (2L + RTy)/Ty.

For the plant values, kp; < 24.1 results in a stable system.
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Fig. 3. Root locus for the inner current loop Fig. 4. Root locus for the inner current loop
with P regulator and without voltage decoupling: with P regulator and voltage decoupling: x —
x — open loop poles; m closed loop poles for open loop poles; m closed loop poles for
ky,y=561; o — zeros; Gpym(s) = kp =642, o — zeros; Gpyy(s) =

[1 = (Ta/2)s1/[1 + (Ta/2)s] [1 = (Ta/2)s]/[1 + (Ta/2)s]

The command tracking frequency responses (FR) for the inner current loop with and without
voltage decoupling are presented in Fig. 5. For the case without voltage decoupling the FR is
dependent on the load. The arrow in the FR indicates decreasing in load from rated to no-load
condition. It is difficult to assess the bandwidth of the system when voltage decoupling is not
performed. This is because the gain at low frequencies is changing. The main outcome is that,
independent of the load level, at the desired fundamental frequency (50 Hz) the gain is very low
implying a very high steady-state error if a proportional regulator is used. However, if voltage
decoupling is performed the frequency response is independent of the load and the steady-state error is
small even with a proportional regulator. For this last case it can be seen that the system bandwidth is
approximately 1 kHz, as designed.

Main controller structures

By observing the FR of the inner current loop without voltage decoupling it is clear that a
proportional regulator cannot be used due to the resulted very high steady-state error. That is why in
some research work the authors suggest to use resonant regulators for this loop [3].

4
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Q -y Pl
h
. ~ |
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E =7 without 8
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Fig. 5. Closed loop FR for the inner current Fig. 6. Root locus of the inner current loop
loop with P regulator and with and without with complex vector PR regulator and without
voltage decoupling — arrows indicate decreasing voltage decoupling: x — open loop poles; o —
in load (from rated load wuntil no-load); zeros; ki /kpr = R/L; Gprywu(s) =
Gpwm(s) = [1 = (Tq/2)s]/[1 + (Ta/2)s] [1— (T4/2)s]1/[1+ (Ty/2)s]

However, if among the resonant regulators in Table I the complex vector PR is used without voltage
decoupling the system is unstable, independently of the regulator gains. This can be observed on the RL
showed in Fig. 6. For this case the design of the regulator zero was made to cancel the plant pole
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(kit/kpr = R/L) as reported in Table II. Nevertheless, the instability is independent of the zero
location.

The frequency response (FR) for each regulator was analysed for different values of the integral
gain k;; in the range 11-511, around the value designed to cancel the dominant pole of the plant. Fig.
7(a) and Fig. 7(b) show the closed loop FR of the current loop only of the system in Fig. 2 with voltage
decoupling, using non-ideal and ideal PR as current regulator respectively. With reference to non-ideal
PR [see Fig. 7(a)], it can be observed that:

1) the ability to reduce the steady-state error at the desired resonant frequency (50 Hz) is
dependent on the integral gain (k;;), the smaller its value the bigger will be the error at this
frequency;

2) changes in the resonant frequency can have a significant impact on the steady-state error;

3) the results become worse as the bandwidth of the controller decreases.

A similar FR is obtained when the ideal PR is used for the inner current loop [see Fig. 7(b)].
Similar conclusions as for non-ideal PR can be derived, but small changes in frequency can result in
much higher steady-state error at the resonant frequency.

10, T 1 T
- - Freq. (Hz): 1.04x10°
g oF — \ g 0 —— TMag. (dB): -3.15
2 -0 o4 S 2 -10F w
3 021 ky S 0.4
= i o 0 ki
S -0 S W 37 Y
s 0.2 : S 01—
S =30 ¥ < -3 0.4
4 50 55
40 # l | 4 4 50 [55
0 = = { 9
= ~ —
& -90- w !
S - S : ”
N 00 i - -
§-180-'2 ki ‘ ‘ % _2’4 4
SR : 2180 A
45 5{(7 5 ¥
-270 7 vi 5 5 270" 401 53 ; . -
10 10 10 10 10° 10 10
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 7. Closed loop FR of the inner current loop with voltage decoupling and k,; = 5.61; k;; =
11 — 511 (arrows indicate increasing of k;;): (a) non-ideal PR regulator; (b) ideal PR regulator

If voltage decoupling is performed, as proposed in this work, the complex vector PR can be used
and the system can take advantage of its good properties.

! Freq. (Hz): 1.03x10°
@ 0 "/’, — PR 4 s (dB): -3.09
N N
2 -1 7 0 L
vk'%
é -2 0\><
— .
= 230 /k,
40 7k 507
180
S Offr m— S e
S A
3 ji i NG
§—180—9'\‘-\\ -
X ; : ~— |
36043 130 33
10’ 0 10’ 10’

Frequency (Hz)
Fig. 8. Closed loop FR of the inner current loop with ideal PR regulator and without voltage
decoupling: kp; = 5.61; k;; = 11 — 511 (arrows indicate increasing of k;;)

The load does not disturb the current regulator anymore, so that the errors are extremely low
around the resonant frequency, as can be seen in Fig. 8. Furthermore, the closed loop anomalous peak
that appears in ideal PR does not show up anymore. Comparing this controller with the others
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analyzed in this paper it can be stated that it is the one that presents the lowest sensitivity to frequency
variations around the resonant frequency, independently of the integral gains used [16]. Therefore,
complex vector PR is the most indicated for use in applications where the resonant frequency changes
as in droop controlled microgrids [17].

Effects of discretization methods

In real time applications, in general all the regulators are implemented in the discrete time domain.
A common way of implementing PR regulators is based on the structure with two cascaded integrators,
using forward and backward Euler as discretization methods [18]. The implementations in the s-domain
and z-domain are shown for ideal PR in Fig. 9(a) and Fig. 9(b) respectively.

——
> kp] > kPI
Forward Euler
——— + E -1
B9 | [t 1 Y V) L 5 L Lz
> Kif > - 1\ _ =z
_ S
Ts
L a)"z 1-z!
N Backward Euler
(a) (b)

Fig. 9. Implementation of ideal PR with the two integrator structure: (a) in the s-domain (b) in the z-
domain using Forward and Backward Euler as discretization methods

Several possibilities can be used for the method that discretizes the PR regulators, e.g. Impulse
Invariant, Tustin with frequency prewarping. The use of these methods implies the discretization of the
resonant part of the regulator. For the case of the ideal PR, the transfer function for any harmonic of the
fundamental resonant frequency is

Y(s)
E(s)
where h is the number that represents each harmonic of the fundamental resonant frequency (w,).

The discrete version of Ry ,(s) using Impulse Invariant and Tustin with frequency prewarping is
presented in Table IV.

> Gy(s) = kpp + ki nRyp(s), 1)

Gi(S) = = ka +k

ihh— 75 3
s2 + h2w?

Table IV. Z-Domain transfer functions of R, ,(s) using Impulse Invariant and Tustin with
Prewarping methods
Impulse Invariant Tustin with Frequency Prewarping
1 -z cos(hw,Ts) Rin(2) = sin(hw,Ts) 1—z72
1—2z"1cos(hw,Ty,) + 272 Lh 2hw, 1—2z71cos(hw,T;) +z~2

Rl,h (z) = T

To analyze the effect of the discretization methods on the close loop FR, the system close loop FR in
s-domain was compared to the close loop FR in z-domain. For the z-domain, the transfer functions of
the regulators were discretized using the Forward and backward Euler, the Impulse Invariant and Tustin
with prewarping methods.

At low and fundamental frequencies there is no difference between the continuous and discrete time
FR, no matter the discretization method used. However, as the frequency increases the discrete time FR
using the structure with two integrators does not represents adequately the continuous time behavior
[see Fig. 10(a)]. There is a shift in the frequency response around the resonant frequency and the
regulator does not produce anymore the desired feature of zero steady-state error (0 dB, 0°) at the
designed resonant frequency.
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Fig. 10. Comparison of the continuous and discrete time closed loop FR of the inner current loop with
ideal PR regulator and with voltage decoupling at 5™ harmonic of the fundamental frequency: (a)
structure with 2 integrators - Forward and backward Euler method; (b) Impulse Invariant method.

Furthermore, the bigger the resonant frequency the bigger will be the shift in the FR, as can be seen
in Fig. 11(a). However, using other discretization methods, such as Impulse Invariant, a better match
between the continuous to the discrete time domain is achieved [9], as shown in Fig. 10(b) and Fig.
11(b). Although it is not shown in the figures the discretization using Tustin with frequency prewarping
produces similar results as the Impulse Invariant method. Similar results apply for the other PR
regulators investigated, i.e. non-ideal PR and Complex Vector PR.

R Ji
s — domain .
L z-domain 1 10t § = domain

= 10 2 z - domain
3 S
s I i
S ?

0 =

-5

0
I~ o~
g ¥
3 3
2 450 2
= 3
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~90 L L L L i L L L L -9 L L L L L L L L L
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Frequency (Hz) Frequency (Hz)
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Fig. 11. Comparison of the continuous and discrete time closed loop FR of the inner current loop with
ideal PR regulator and with voltage decoupling at 11"™ harmonic of the fundamental frequency: (a)
structure with 2 integrators - Forward and backward Euler method; (b) Impulse Invariant method.

Experimental Results

The power system of Fig. 1 was tested to check the analysis presented. For this purpose, a low
scale test-bed has been built using a Danfoss 2.2 kW converter, driven by a dSpace DS1006 platform.
The measured variables are sensed via LEM current and voltage transducers and sent to the 16-bit
resolution high-speed A/D board DS2004 for digitizing the input signals at high sample rates. The
filter parameters and operational information are presented in Table II.
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Fig. 12 and Fig. 13 show the results for a 5" harmonic reference current tracking using two
different discretization methods for ideal PR. If the structure with two integrators with forward and
backward Euler discretization methods is used (Fig. 12), the controller is not able to achieve zero
steady-state error, as expected from the previous FR analysis. However, if ideal PR is implemented
without splitting the resonant term in two integrators, zero steady-state error can be achieved (Fig. 13).

\'4 ANE kA errora
P R |
Sy
)
U_Z:
4 WiV Y Y VooV
0 0.01 0.020 0.01 0.02
@ Time [s] b)

Fig. 12. Structure with two integrators: steady-state currents and error for ideal PR 5th harmonic
reference tracking: (a) without voltage decoupling; (b) with voltage decoupling
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Fig. 13. Impulse Invariant discretization method: steady-state currents and error for ideal PR 5th
harmonic reference tracking: (a) without voltage decoupling; (b) with voltage decoupling

As expected from the FR analysis all the three controllers achieve approximately zero steady-state
error when designed to have exactly the same resonant frequency as the one of the reference current,
implemented with the correct discretization method, and for high k;; as in Table III. To analyze the
sensitivity of the PR regulators to frequency variations the reference current frequency was changed to
49 Hz, while the regulator design was kept at 50 Hz. Fig. 14 shows the steady-state currents and error in
a-axis for ideal PR regulator without and with voltage decoupling with the gains provided in Table III.
Without voltage decoupling the current error is mainly due to the difference in phase between the
reference ij, and real current i,. The effect of voltage decoupling has a significant impact on the system
performance, reducing the error. The same conclusion can be drawn for the case of the non-ideal PR,

except that the error is smaller (see Fig. 15). Comparing Fig. 14 and Fig. 15, it seems that the non-ideal
PR has better performance than the ideal one.

Fig. 14. Steady-state currents and error for ideal PR (a-axis): (a) without voltage decoupling; (b) with
voltage decoupling - fr.or = 49 Hz, k;; = 311
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Fig. 15. Steady-state currents and error for non-ideal PR (a-axis): (a) without voltage decoupling; (b)
with voltage decoupling - fr..; = 49 Hz, k;; = 311

However, as the integral gain is reduced to lower values (see Fig. 16) the performance of non-ideal
PR to frequency variation degrades.

4

LS

Current [A]
NS

N
1

(@ Time [s] (b)

Fig. 16. Steady-state currents and error for non-ideal PR (a-axis): (a) without voltage decoupling; (b)
with voltage decoupling - for = 49 Hz , k;; = 11

On the other hand, complex vector PR is still able to achieve zero steady-state error regardless the
integral gain value (see Fig. 17). Thus, the complex vector PR should be preferred when there are

frequency variations, as is the case in droop controlled microgrids. Furthermore, its performance is less
sensitive to the design of the integral gain.

4
~
I, 2
S O
S
S-2

-4

0 0.02 0.04 0.06 0.08 0.1
Time [s]

Fig. 17. Steady-state currents and error for Complex vector PR (a-axis) with voltage decoupling -
fref =49 Hz . kil =11

Conclusion

In this paper, an analysis and design of the inner current loop for power converters in islanding
microgrid applications based on PR regulators has been carried out. The benefits of applying capacitor
voltage decoupling are motivated by the lower steady-state error. Complex vector PR controller,
which is stable only if voltage decoupling is performed, shows the lowest sensitivity to integral gain
and frequency deviations, thus can be preferred in microgrid applications. The discretization method
plays an important role in the performance of the resonant regulators. If the wrong discretization

method is used the PR regulator does not produce the desired effect, in particular as harmonic
compensators are implemented.
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