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Abstract. This Paper presents a comparison of two control
strategies applied to current controlled inverters in renewable
energy systems. The strategies are the Synchronous Reference
Frame and Stationary Reference Frame. First control method
use PI regulators and it is the most used inverters control. In
this paper, it is shown how to simplify the parameters design of
the Proportional-Resonant controller for the Stationary
Reference Frame. This paper presents the grid model and
detailed design and stability analysis with a modified Symmetry
Criterion method for the PI regulator parameters calculus. From
this point, we transform the designed PI regulator into a PR,
which it’s needed for the Stationary Reference Frame Control.
Results in terms of THD; indicate the better performance of PR
control.
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1. Introduction

Nowadays, Wind Turbine Systems Generators (WTSG)
with  Direct-Drive  Permanent Magnet Generator
(DDPMQ) is one of the preferred technologies in variable
speed. Wind turbine usually rotates at the speed of 30-50
rev/min, and generators should rotate at 1000-1500
rev/min to interface directly with the grid. Usually, a gear
box should be connected between wind turbine and the
electric generator. Direct connection of the generator to
the wind turbine requires a large number of poles.
Permanent Magnet Synchronous Generators (PMSG) are
the best choice to be used, with a small pole pitch and
cost-effective design [1].

Wind turbine system is known to have a slow response,
this kind of systems are suitable for grid connection
applications in which the dynamics requirement can be
demanded by a slow current ramp. We have to manage
the extracted energy from WTSG to the grid via a fully
scale Back-to-Back converters. Generator side converter
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aims to control the output power from the DDPMG
thanks to Maximum Power Point Tracking algorithm.

Power flow is balanced via the DC link to the Grid Side
Power Electronic Converter. It aims to maintain the DC-
Bus voltage and translates the generated energy to the
grid through its inductance filter. As the inductor is made
smaller it improves the ability to track the desired
reference current, however we have to increase the
switching frequency to reduce current line ripple [2][3].

In this paper, PI regulator parameters are calculated in the
Synchronous Reference Frame. This method is based on
voltage space-vector oriented reference frame, also called
Voltage Oriented Control (VOC) [4]. Then, Power is
controlled thanks to the current regulators, which are the
control mode of our Voltage Source Inverter (VSI).

Classical PI regulators are unsatisfactory for Stationary
Reference Frame (AC control). We have to use a
Proportional-Resonant controller to resolve the problem.
Resonant Controllers don’t have to transform a measured
stationary frame ac current to rotating frame dc
quantities. If transformation is not accurate errors could
be introduced at the synchronous compensation network.
Stationary frame controller is obtained using the transfer
function proposed in [5].

Control scheme has been implemented using Matlab
Simulink®. Paper presents the comparison results from
the point of view of the harmonic content of injected
currents (THD1).

2. Synchronous Reference Frame Control.
The proposed system is a three-phase inverter connected
to grid. Figure 1 show the electrical schematic, where the
reactance is connected between the electronic IGBT-
Bridge and the Grid. Source Power is a WTSG with
PMSG. We consider Bus-DC an ideal voltage DC source.
This paper is not focused in the PMSG control but in the
Grid-Side converter control.
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Fig. 1. Grid Connection with L-Filter

In Figure 1 voltages and currents can be written as:

d
vl.k=R-isk+L-Eisk+vsk+vNG, k=a,b,c (1)

Where vy is the inverter voltage output, vy is the grid
voltage, and R-L are the values of the reactance or L-
Filter and vy is the voltage between ground and negative
of DC-Bus. In the conventional three phase inverter with
balanced load and without fourth wire neutral vys is
always zero [6].

Representing (1) in a space-vector with o-axis over phase
a stationary reference frame [2]:

. dis(zﬁ

Vigp =R i+ 1L ” + Vs (2)
Where i; .5 is the current in the a-B plane, v; 45 is the
inverter output voltage and v, .4 is the grid voltage.

In the synchronous reference frame with angular speed
w; (d-axis synchronized with grid voltage vector)
equations are [2]:

dls dq

Vigg =Riq +L —jLo-i g, +vy, )
VOC works in the voltage space-vector reference frame.
Direct axis lies in the direction of the grid voltage space
vector. We could represent this equation in its direct axis

[TPRIN

“d” and its quadrature axis “q’:

v dq zvsd +]vsq

S,

di,

vy=R-i, +L +La)s~ixq+vsd
Vi =0 Ji )
=R.{ _ % _ .
v, =R-i, +L 7 Lo i, +v,

s

At the Point of Common Coupling (PCC) grid voltage v
doesn’t have quadrature component:

di,

_ . d .
vy=R-i, +L +Lo i, +vy,

dt
i (5)

i,
vid =R- lsd +L dt + vcoupling d + vsd
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. dl‘sq .
v, =R-i +L p -Lw, i,
: ’ s L

(6)

Iy

viq = R ) lsq + L - vcuupling q
Then, in a linear and symmetric three-phase system
active and reactive power is reduced to control d-axis and

qg-axis currents (v,,=0):

30 . , 3. .
P = 5 (vsd lsd + vsqlsq ) - P = 5 (vsd lsd ) (7)

3 3
0= E( sqlsd _vsdisq)% 0= _E(vsdisq) (®)

The control inputs in (5) and (6) are v;; and v, while vy,
could be seen as a disturbance to be measure.

3. VOC model disturbances.

Disturbances in (5) and (6) are the grid-voltage and
cross-coupling terms. Large signal equations can be
derived using duty-cycle averaging. Then, inverter output
voltage could be expressed [6]:

_ d - _ 3 9
Vi =dy - Gpyy —q)vidq = didq Gy ©)
Where, Gpwy is the non-linear PWM modulator gain

[6],[7]. At the Synchronous Frame, Cross-Coupling terms
are given by:

vcouplingd = La)s ’ ls

7 (10)
= _La)b ’ isd

Y = jLZD’-iqu

coupling dq
vcoupling q

Taking (9) into account, (5) and (6) can be transformed
in:

v - v di
GPWM o couplingd Y :R'isd +Lﬁ
Gpwym  Spwm dt
(11)
Y . % di
couplingq sq sq
G .+ - =R-i +L——
PWM| “i s
T Gpyy  Gpwum T

Current Cross-Coupling and grid-voltage terms should be
compensated with “Feed-Forward” them. At that point,
we can use classical techniques of regulator design. Then,
compensating terms can be written as:

_ vsd - chld (12)
Vcompd - G
PWM
_ vsq - chlq 13
Veompg = ( )
pq G
PWM

Figure 2 shows the power converter control scheme. In
the synchronous frame PI regulators can achieve zero
steady-state error by acting on current control signals.
Feed-Forward terms are introduced in this Block-
Diagram.

RE&PQJ, Vol. 1, No.7, April 2009



Coupling
terms

Fig. 2. Inverter VOC control scheme.

Note that Gpyy, gain is also feed-forward in form of block
1/Gpyys and it takes V,. value into account. Finally, a
saturable block (which is not represented in Figure 2) is
used between abc to dq block and PWM module. Thanks
to this block we work in the linear range of the
modulator.

4. VOC Current Loop Design.

A feed-back control system is as shown in Figure 3,
where output current /; is measured and compared with a
reference value. Signal d(s) is the average value of
switching signals in the Laplace domain. To optimize
closed loop response we need the open loop transfer
function.

PWM Plant

Gpi(s)

Controller

i(s) b es) Fals) )y

d(s), | iss)

A 4

Ge(s)

Sensor

Hi(s) ¢
Fig. 3. Control Feed-back block-diagram.

Open Loop Transfer Function (7F) with sensor Hy(s) = 1
could be as follows:

Gop (8)=Gc(s) Fp(s)-Gp (s)=
s+1 Gpyy

(14)

-k, tr kpr
=Kp
TPI'S 1+Tl-nvS 1+TPL'S
Where, a linear form of PWM Modulator TF could be a
gain and the Control to IGBT-Bridge delay (less than 5
T,wm times). Making use of the compensating terms (see
equations (12) and (13)) Plant TF can be written as:

1 k
G §) = — PL ,
A R B (15)
L 1
TPL=E;kPL=E

PI regulator is calculated thanks to Symmetry Criterion
[8], a system optimized by this technique shows
overshoot of 43% under step change of the input signal.
We have recalculated PI parameters forcing a damping
factor of & =0.707 (overshoot less than 5%). Appling
large time constant compensation 7, with PI zero
(7, =17, ), then:
kPL

Grim
Go () =K} ) 1 =
7’-PI -8 + Tinvs

Ko,
(1 +7 S) : (TPIS)

mv

(16)
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Where, K, = K kp, Gy, - Closed-Loop TF is:
2
GOL (S) — a)n

G, (s)= = (17)
() 1+G,, (s) @ +2w,Es+5?
PI parameters are:
K — z.PL
P
2.7, kp - Gy (18)
x —Kr 1

Tpr 2. Ty kPL ’ GPWM

System Natural Frequency could be 3 or 5 times Fpyy,
(20KHz in this work):

K P kPL GP WM
Tinv 7’.PL

Open-Loop Bode
[ AR

Magnitude(dB)

|
NG Phase 1111
Pl O
| I

Phase(deg)

R N
[N [
T W Y R I U AN L
(NN e N N R S RN (AT A R R T [
PM:&%5_§° (R R (T | [
ol Freqi724Rz i c il e i o

Frequency(Hz)

Fig. 4. Open-Loop Bode of GOL(s).
5. Resonant Control System, PR Controller.

Usually, current regulators for ac inverters are hysteresis
controllers. The objective is to have zero phase and
magnitude error thanks to the ac regulator. The principle
is to find an equivalent ac compensation network with the
same frequency response characteristic to the
synchronous frame controller. Compensation terms are
not needed because there aren’t cross-coupling current
terms. Figure 5 has the block abc/afy which is
implemented thanks to Scott Transform [2].

L
d; ap abe d; gpe Vg
@ u

i of abc
7 ~

is *aﬂ+

U5 abe

Fig. 5. Stationary Reference Frame Control scheme.

From this point, we need the transform that achieves this
goal. When the reference signal bandwidth is small in
comparison to the reference frequency itself we can use
the transformation [5]:

s +ar
— s>
2s 2s

‘rar
HAC(S) =H) L (20)
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This variable transformation is developed in network
synthesis to transform low-pass to band-pass filters. PI
Integral Bode response seems to a low-pass filter and can
be transformed by the use of (20). The new compensation
network obtained is called resonant regulator or P +
Resonant system (PR).

Magnitude(dB)

Phase(deg)

Frequency(Hz)

Fig. 6. Open Loop Bode plots of Stationary (blue) and
Synchronous (green) Reference Frame.

With the PR we are working at the stationary frame, so
we don’t have the complexity of transforming a measured
stationary frame ac current to rotating frame dc
quantities. We can improve system response because we
don’t have rotating transformations errors. On the other
hand, system resonance frequency is equal to the grid
frequency with a gain up to 170dB. Note that Open Loop
with PR control has a gain of 50dB at 49Hz and 51Hz,

—————Pp+ ———Pils in
j Iref _d - ~ out
4

which are the European normative maximum deviation
frequencies.

6. Simulation Results.

The control scheme has been simulated on Matlab
Simulink® and its toolbox SimPowerSys. Table 1 is a
summary of the system parameter values.

TABLE I. — Simulation Parameters

Parameter | Description Value

L Inductor filter 6mH

R Inductor resistance 400m€Q2

Fpwm PWM carrier Frequency 20KHz

f Grid frequency 50+1Hz

N Base Power 3000VA

Vb Line-to-Line RMS  Base | 400V
Voltage

Vdc DC Bus Voltage 750V

Kp Proportional constant 30

Ki Integral constant 2000

Source power is an ideal DC voltage source. Reference
system power is unity step at 50ms from the start of
simulation.

Figure 7 represents the VOC control scheme for the
simulation in Simulink®. Output current needed for the
Coupling terms is passed to blocks d control and
q_control through a “goto” signal routing.

6 pulses

Pref b Ve ] P D_dq >
is_d d_Control -
0 W’(‘P >
Qref | Vs_in -
g_Control
‘ lis_d] > Vs d
Vs_q
- RED
is_q
\
L g—mA
|+
a4\ = ‘ma o—oB N
| |
a iU & @b
\ cle—ac
adli- TP Bt | -
Three -Phase
IBGT Inverter V-l Measurement 1

GATE SIGNALS

Fig. 7. Inverter Control Scheme for VOC control.
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Fig. 8. Inverter scheme for Stationary Reference Frame Control.

Figure 8 represents the Stationary Reference Frame
Control scheme for the simulation in Simulink®.

We introduce a grid-voltages variation of +10% (see
Figure 9). We define three intervals of interest, first
interval is from 100ms to 300ms with lpu voltages,
second interval is from 300ms to 600ms with 1.1pu
voltages, and third interval is from 600ms to 900ms with
0.9pu voltages.

From start to 300ms grid voltages are at rated value
(1pu). Figure 11 shows phase a current and we can see
the spectral content in Figure 12. This simulation results
are for the VOC control without compensation terms. We
have a Setting Time less than 350us and no overshoot
(Figure 10). This control achieves a good THD; (FFT
calculated over a running window of one fundamental
cycle and Sample Frequency 1MHz) of 2.85%. This
simulation results validate the calculated PI parameters.

Now, we want to compare VOC control with and without
compensating terms. After that, VOC best results will be

compared with the PR controller at the stationary frame.

Vabc(pu)

1.2

1.157

=
Iy

=
o
S

Vabc(pu)

-

0.951

0.97

0'850 0.2 0.4 0.6 0.8 1
Time(s)

Fig. 9. Grid Voltages variation intervals in per unit quantities.

Figure 13 and Figure 14 presents phase a current and its
spectrum in the second interval of time (from 300ms to
600ms), where the grid voltages are 1.1pu.
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Figure 15 and Figure 16 presents phase a current and its
spectrum in the third interval of time (from 600ms to
900ms), where the grid voltages are 0.9pu. Average
THDi in second interval is 2.89%. This is the three
interval worst THD; and it is motivated by the loose of
gain of the PWM modulator. At the third interval phase a
current has a similar wave form that second interval with
an interval average THD; of 2.71%.

We follow with a VOC simulation with compensating
terms. Results with VOC strategy with compensating
could be seen from Figure 17 to Figure 22. This control
exhibits a slightly better harmonic content (reader must
see THD; values and compare it) than VOC without
compensating terms.

Now, we are going to compare THDi results with PR
control strategy. From Figure 23 to Figure 28 paper
shows the phase a inverter current with PR control in
first, second and third interval and its spectral content.
This kind of control presents the best results in terms of
THD; and harmonic-by-harmonic in all intervals. If we
take a look to the worst interval case (0.3s to 0.6s), the
THD; is equal to 2.41% (0.47% better than VOC) with
the same dynamic parameters than VOC control (setting
time and overshoot, see Figure 10 and Figure 29).

Id(pu)

1.2

1+

0.8/

0.67

ld(pu)

0.4r

0.2r

'8'.5498 0.0499 0.05 0.0501 0.0502 0.0503 0.0504 0.0505
Time(s)

Fig. 10. Grid d-axis current with VOC control, setting time less
that 350us and no overshoot.
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Fig. 11. Phase a current in the first interval of simulation

la(A)

Fig.

la(A)

without compensation terms.

VOC, Second interval, Without CMP terms
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Time(s)
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13. Phase a current wave form in the second interval of
simulation without compensation terms.

VOC, Third interval, Without CMP terms

=)

0.75 0.8
Time(s)

0.65 0.7
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Fig. 15. Phase a current wave form in the third interval of

simulation without compensation terms.
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Single-Sided Spectrum of la(t) from 0.1s to 0.3s
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Fig. 12. Spectrum of Ia current from 0.1 to 0.3s, interval
average THDi =2.85%.

Single-Sided Spectrum of la(t) from 0.3s to 0.6s
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Fig. 14. Spectrum of Ia current from 0.3 to 0.6s, interval
average THDi =2.89%.

Single-Sided Spectrum of la(t) from 0.6s to 0.9s
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Fig. 16. Spectrum of la current from 0.6 to 0.9s, interval
average THDi =2.71%.
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Fig. 17. Phase a current wave form in the first interval of
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Fig.
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simulation with compensation terms.

VOC, Second interval, With CMP terms
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19. Phase a current wave form in the second interval of
simulation with compensation terms.

VOC, Third interval, With CMP terms
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Fig. 21. Phase a current wave form in the third interval of

simulation with compensation terms.

https://doi.org/10.24084/repqj07.265

140

Single-Sided Spectrum of la(t) from 0.1s to 0.3s
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Fig. 18. Spectrum of la current from 0.1 to 0.3s, interval
average THDi =2.84%.

Single-Sided Spectrum of la(t) from 0.3s to 0.6s
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Fig. 20. Spectrum of Ia current from 0.3 to 0.6s, interval
average THDi =2.88%.
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Fig. 22. Spectrum of Ia current from 0.6 to 0.9s, interval
average THDi =2.70%.

RE&PQJ, Vol. 1, No.7, April 2009



PR, First interval.
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Fig. 23. Phase a current wave form in the first interval of
simulation with PR control.
PR, Second interval.
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Fig. 25. Phase a current wave form in the first interval of
simulation with PR control.
PR, Third interval.
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Fig. 27. Phase a current wave form in the third interval of
simulation with PR control.
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Single-Sided Spectrum of la(t) from 0.1s to 0.3s
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Fig. 24. Spectrum of la current from 0.6 to 0.9s, interval
average THDi =2.31%.
Single-Sided Spectrum of la(t) from 0.3s to 0.6s
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Fig. 26. Spectrum of Ia current from 0.6 to 0.9s, interval
average THDi =2.41%.
Single-Sided Spectrum of la(t) from 0.6s to 0.9s
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Fig. 28. Spectrum of la current from 0.6 to 0.9s, interval
average THDi =2.19%.
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Fig. 29. Grid d-axis current with PR control. Setting Time less
that 350us and no overshoot.

7. Conclusion

This Paper presents a comparison of the Synchronous
Reference Frame (VOC applied to grid voltage) and
Stationary Reference Frame control strategies used in
VSI current mode control.

Paper starts providing background on the grid model and
VOC PI regulator parameters are obtained with a
modified Symmetry Criterion method. From this point we
transform the PI regulator into a Proportional-Resonant
controller which will be used in the Stationary Reference
Frame.

Control strategies proposed has less harmonic content at
third interval of simulation (600ms to 900ms) when grid
voltages are 0.9pu. This is motivated by the bigger
system PWM gain than first and second intervals. With a
High Gain PWM system can follow the control current
references better.

Simulation results shown in terms of THD;, indicate that
PR control improves THD; with the same dynamic
characteristics of VOC control. At the worst case (second
interval) PR control presents an interval average THD; of
2.41%, meanwhile VOC has 2.88% at the same interval
with compensating terms strategy. The relative
improvement is up to 16%. It’s known that Stationary
Frame control needs less mathematical calculus than a
Voltage Oriented Control. PR control is a good
alternative to implement an inverter system control with
reduced harmonic content injected into the grid and less
computational load than VOC control.
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