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Abstract- This paper presents a comparison between of two type of
current control to reduce the THD; and increase the PF in a
Three-Phase Boost Rectifier driving a small wind turbine. The two
types of current controls are peak current mode control and
average current mode control It is used as the input stage of
small wind turbines with permanent magnet synchronous
generators operating at variable speed. The Boost Rectifier output
is connected to an inverter which injects the energy to a
distribution power grid. The operation in discontinuous
conduction mode allows significantly reducing the Total Harmonic
Distortion of the current in the small wind turbine. However, it is
necessary to add an input filter so that the switching ripple doesn 't
affect the turbine. The results demonstrate that it is better the peak
current mode control, because it is achieved a smaller THD; and a
higher PF in all over the operating range of the generator.

I.  INTRODUCTION

A Wind Generation System (WGS) is constituted by an
eolic turbine and an electrical generator. In small WGSs it is
preferred the use of Permanent Magnet Synchronous
Generators (PMSG) operating at variable speed, so that both
amplitude and frequency of the generator output voltage
varies in a certain range, following the wind speed. Therefore
a power converter is needed to connect the WGS to the
distribution power grid.

The simplest converter to process the WGS energy is the
cascade association of a non controlled rectifier, a DC-DC
converter and a power inverter, which is connected to the grid
[11-[3].

With such a configuration, the harmonic distortion of the
generator currents (THD1) is high, achieving THDi 30% [4]-
[6]. In some works, a Boost DC-DC converter is used to
regulate to a constant value the voltage at the input of the
power inverter, in spite of the rectifier voltage reduction when
the PMSG operates at low speeds. However, in this work, the
input voltage of the inverter is controlled by the inverter,
whereas the DC-DC converter regulates the current at the
output of the rectifier. As a whole, the non controlled rectifier
and the Boost DC-DC converter are known as Boost
Rectifier, which can be also used to reduce the generator
currents distortion [7]-[10]. Usually, a Boost Rectifier driving
a PMSG operates in Continuous Conduction Mode (CCM),
because of the large value of the generator inductances. Fig. 1
shows the current and voltage at the output of one of the
generator phases of a Boost Rectifier working in CCM.
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Fig. 1. Current and voltage of one phase of a three-phase boost rectifier in
CCM.

Moreover, the current harmonics produce torque harmonics
in the PMSG, resulting in additional vibrations and increasing
the maintenance needs.

An outstanding novelty of this work with regard to [7]-[10]
is that both the voltage amplitude and frequency vary in a
wide operation range, which depends on the turbine speed.

As a result, both the power stage and the control loops of
the Boost Rectifier must be carefully designed.

Current Injected-Mode Control (CIC) or Peak Current-
Mode Control (PCC) [11] is the most widely used current
mode control in switching power supplies, as it gives a strict
adherence to the current in the inductor, which is highly
recommended when working in DCM. PCC addition by
controlling the peak current is controlled in the inductor or
power active switch (power transistor), so that there is an
inherent protection against overcurrent control.

Average Current-Mode Control (ACC) [12], is another
widely used current mode control in power converters. In the
ACC like PCC is sensed in the inductor current power to
implement the current control loop, however, can also ACC
reflecting another current sensing the inductor current.
Changing the point of looking for sensing the signal contains
less noise, primarily from the switching frequency. The other
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point where it can sense the current is the output of the
generator, at this point that leaves the current generator,
depends on the current flowing in the coil power and has the
advantage that contains less harmonic components of the
frequency switching. In this case, the currents are measured
generator.

1L BOOST RECTIFIER IN DCM

Fig. 2 shows the scheme of the Three-Phase Boost Rectifier
in DCM. Table I shows the values of the prototype
characteristics.

The circuit that is used for the analysis considers two
phases during the time interval when 2 diodes of the non-
controlled rectifier are conducting, considering Ly = 2Lgq,
Ry = 2Rygq, L =2La, R, = 2R qand C; = 3C;/2. V; is the
rectifier output voltage, without considering resistive losses,
averaged in a complete period of rectification, as it is shown
by Fig. 3.V, is regulated by the grid connection inverter.

A.  DCmodel of the boost rectifier in DCM

In order to work in discontinuous conduction mode (DCM)
[13], condition (1) must be accomplished. This condition
allows the design of L to operate in DCM in the whole range
of PMSG speeds. D is the duty cycle, L is the equivalent
Boost inductance, f; is the switching frequency and T is 1/
fs-

Table I. Characteristics of the prototype

Characteristics Values
g)c;mlnal Output Power of the generator kW
Output Voltage of the Boost Rectifier (V) 650 V

Output voltage range of the generator

(Vab)
Inductance of one phase of the generator

104 - 416 Vs

25 mH
(Lgaa Lg k) Lgc)
Resistance of one phase of the generator 50

ﬁgg’ Rebs Rgc)
Number of poles (n,) 12
Nominal Current (I,o) 4.87 A
Speed range of the generator (n,,) 150 — 600 rpm

Permanent Magnet

Synchronous Generator Boost Inductor b, L, b,

Electric

’13 4o d
3 "

/;%D

Fig. 2. Three-Phase Boost Rectifier in DCM.
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Fig. 3. Equivalent circuit of the boost rectifier.
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The duty cycle in DCM is obtained from (2)

b= [Pl V) @
Ts Vo Vi

The maximum value of the Boost inductance (L,q,) iS
obtained from (1) and (2). For a switching frequency (f;) of 5
kHz, considering the generator speed range, it results Ly, g, =
907.1 uH. L = 750 puH is selected, so that the Boost rectifier
operates in DCM in the whole load range.

B Input filter

An input LCL filter is used to filter out the components at
the switching frequency in the generator currents, and also to
achieve DCM. Note that because of the large value of the
generator inductances, the operation in DCM of the Boost
Rectifier is not possible if an additional LCL Filter is not
used. The transfer function from the rectifier current to the
generator current is determined by (3).

ig(s) B 1
i,(s)  s2CiLy+SsCR.,+1

©)

With C; = 3.3pF, an attenuation of — 44.3 dB at the
switching frequency (f; = 5 kHz) is achieved by the filter.

C.  Small-signal model of the boost rectifier in DCM

A small signal circuit of the Boost rectifier working in
DCM can be obtained by means of the equivalent circuit of
the PWM switch [14], as it is shown by Fig. 4. The output
voltage (V,) is regulated by the inverter connected to the grid,
so that the load that is ‘seen’ by the Boost Rectifier can be
modeled as a constant voltage source. Therefore in the small-
signal circuit D is the disturbance in the output voltage.

Fig. 4. Small Signal Equivalent Circuit of the Boost Rectifier with voltage
source in the output

The values of the parameters of the PWM switch in DCM
are shown by (4).
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In order to design the control loop, the duty cycle to Boost
inductor current transfer function, Giy(s) = i,(s)/d(s), is
needed if the current loop is closed by sensing the Boost
inductor current. This transfer function is shown by (5). It is
shown by Fig. 5

i(s)  —(s*CiLg +sCRy +1)(K; + K,)

G; = — =
ia(S) acs) s3B, + s2B, + sB, + B,

B3 = CiLgL(gi + 9o+95)
By = Ci[Ly + (g + 9o+97) (LR, + LgRL)|  (5)
By = [CiRy, + (9: + 9o+95) (Lg + L+CR.Ry, )|

By = (9i + 90+9y) (RLg + RL) +1

As an alternative, the duty cycle to the generator currents
transfer function, Ggq(s) = iy(s)/ d(s), must be used if the
current loop is closed by sensing the generator currents. This
transfer function is shown by (6). It is shown by Fig. 6.

ig(s) (K; + K,)
d(s) s3Bs;+s2B,+sB; + B,

Gga(s) =
B; = CiLyL(g; + go+9y)
B,=C [Lg +(g: + go+9y) (LRLg + LgRL)] (6)
B, = [ciRLg +(g: + go+95) (Lg + L+CiRLRLg)]

Bo = (9: + 9o+3r) (Ru, + R.) +1

The Bode plots of these transfer functions are shown by
Fig. 5 and Fig. 6, with L = 750 pH and the values of the
elements that have been previously described. From this
figure it may be deduced in the case ACC, the convenience of
measuring the generator currents instead of the DC current,
because the resonance of the LCL filter complicates the
control loop stabilization with practical crossover frequency
values of the current loop.

111. PEAK CURRENT-MODE CONTROL

Fig. 7 shows the block diagram of the current loop with
PCC [10]. The reference for the current loop, I oneror> 1S
provided by the controller of the speed control loop.

50 T

40 &

30

Magnitud (dB)

20 Lo Lo Lo i i
90 T T T T T

—— rpm=150
pm=300
rpm=450

Phase (deg)

1 1 2 3
10 10 10 10 10 10 10
Frequency (Hz)
Fig. 5. Transfer Functions of G;4(s).
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Fig. 6. Transfer Functions of G g4(s).
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Fig. 7. Scheme of Peak Current-Mode Control.

U
=

The loop gain of the current loop, T;, ..(s), is expressed by

PCC
(7). R;=0.015 is the current sense gain, Fy,. is the PWM
modulator gain, and H,(s) is the sampling gain [11], typical

in peak current mode control.

TiPCC(S) = Gid(S)He(s)RL’FMpCC (7

The sampling gain H,(s) is expressed by (8)

957



Where ®)
and

In order to guarantee the stability of the current loop, the
PWM modulator gain, F,.., expressed by (9), should be
adjusted properly.

1
F, = 9
Mece = (S, + ST, )
In (9) S, is the on-time slope of the current sense
waveform, S, is the slope of the stabilization ramp, S, =
22.503 V/ms. The value of S, is obtained from (10).

V.
TR (10)

The PCC implementation is shown by Fig. 8. For the
implementation using the UC3823 Integrated Circuit, which
has implemented the PWM modulator circuit PCC. In this
circuit is only shown the PCC control, however, the circuit
contains all other elements for its proper functioning.

1V. AVERAGE CURRENT-MODE CONTROL

The control loop structure of ACC [12] for this converter is
shown by Fig. 9.

 Permanent Magnet Boost Inductor
Synchronous Generator Dy 4D,

,,,,,,,,,,,,,,,,,,,

e S D, &Ds &Ds f\J

Capacitor of the
input filter

Inverter

Driver

Fig. 8. DCM Three Phase Boost Rectifier with PCC Control.

Power stage

Gga(s)

[S9Y

FMACE

R
ﬁPWM icuntrul
Gsg(s)

Fig. 9. Scheme of Average Current Mode Control.

The loop gain of the current loop, T;, ..(s), is expressed by

(11).

ACC

TiAcc(s) = ng(s)GSg (S)RQFMACC (n
R;=0.2 is the current sense gain and Fy,.. is the PWM
modulator gain, expressed by (12)

1

FMACC :ﬁ (12)

S, is external slope, S, = 5 V/ms. The compensator Gy (s)
acc(S), with
a phase margin higher than 50° and a gain margin higher than
7 dB. The compensator G (s) is expressed by (13)

is designed to stabilize the current control loop, T;

Wi (1 + wizs)

Wps

Gy(s) =

The compensator G4(s) that guarantees the stability of the
current loop is expressed by (14)

300(s + 754)

s(s +3141) (14)

ng(s) =

The ACC implementation is shown by Fig. 10. To close the
ACC loop by measuring the generator currents, a signal
processing is required to calculate the average value of the
equivalent rectified currents of the generator. Note that only
two currents are sensed, because the PMSG currents make up
a 3 wire system. The signal processing has been implemented
by means of a C Script Block of PSIM [17], in a similar way
that it will be implemented in the experimental prototype.

Dy Iy

Boost Inductor

Electric
Grid

Fig. 10. DCM Three Phase Boost Rectifier wi'th ACC Control measuring the
DC current at the output of the rectifier.

V. SIMULATED RESULTS

The performance of the proposed control loops has been
evaluated by means of the PSIM 7.0.5 software [16].

Fig. 11 shows both current and voltage at the output of one
of the generator phases when using the PCC control. Fig. 12
shows both current and voltage at the output of one of the
generator phases when using the ACC control. In both
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figures, the generator speed is 450 rpm and the rectifier
output power is 2 kW. In these figures, it is observed that
there is less THDi when used PCC control.

Fig. 13shows the measured generator THDi and PF of the
PMSG in the whole speed operation range. The maximum
power of the generator, which is limited by the nominal
current at low speeds, is also shown.

Fig. 13 that the improvement of the THDi and PF values is
better when it is used PCC control, although for some the
speed is similar THDi.

Current in one of the generator phase
T T

Current (A)
=]

I L 1 T
0.3 0.31 0.32 0.33 0.34 0.35 0.36
Time (s)
Voltage in one of the generator phase
T T

03 031 032 03 034 035 0.36
Time (s)

Fig. 11. Current and Voltage of one phase of the DCM Three-Phase Boost

Rectifier with PCC Control in simulation.
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Voltage in one of the generator phase
T T T
2200/
@
0
3.0
L L L L L
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Fig. 12. Current and Voltage of one phase of the DCM Three-Phase Boost
Rectifier with ACC Control in simulation.

T T T T T

Maximun Power of the generator
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T T T T "
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Fig. 13. Comparison of the measured THDi and PF in PCC vs. ACC in
simulation.

VI. EXPERIMENTAL RESULTS

The three-phase DCM boost rectifier WECS has been
implemented in an experimental prototype. The 2 kW PMSG
is connected to a commercial AC motor drive Siemens
Micromaster 440 that feeds a 5.5 kW induction motor
1LE1002CC322AA4Z from Siemens. This AC motor is
connected to the PMSG.

The PCC of the boost converter has been implemented
with the integrated circuit UC3823. The ACC control has
been implemented by means of a DSP TMS320F28335.

Fig. 14 shows both current and voltage at the output of one
of the generator phases when using the PCC control. Fig. 15
shows both current and voltage at the output of one of the
generator phases when using the ACC control. In both
figures, the generator speed is 450 rpm and the rectifier
output power is 2 kW. In these figures, it is observed that
there is less THDi when used PCC control.

Fig. 16shows the measured generator THDi and PF of the
PMSG in the whole speed operation range. The maximum
power of the generator, which is limited by the nominal
current at low speeds, is also shown.

Fig. 16 that the improvement of the THDi and PF values is
better when it is used PCC control. In the experimental case,
it is observed in greater detail the difference PCC control
when used in comparison with the control ACC.

i soovs @ 504/ @ [} 10008/  Stop  § 2259

= 0.0s

Voltage

Current . THDi = 8.87 %

2 - X e ,
Y A T

Freq(1): 45.2Hz | RMSITJ: 305 6V
« Acq Mode | +D # Avgs
Averaging 1

Fig. 14. Current and Voltage of one phase of the DCM Three-Phase Boost
Rectifier with PCC Control in experimental.

| RMS{2): 3.806A ]

Serial Decode

Realtime

0 soov/ B s0a/ @ [} & 00s 10008/ Auto f 25,0V
Voltage
Current THDi = 9.53 %
2 . 3 8 3
T - -
Freq(1): 45.0Hz | RMS(1): 301.6V ] RMIS(2): 3.663A |
~ Source 49 Select: Measure Clear Settings Thresholds
2 RMS RMS Meas ~

Fig. 15. Current and Voltage of one phase of the DCM Three-Phase Boost
Rectifier with ACC Control in experimental.
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Fig. 16. Comparison of the measured THDi and PF in PCC vs. ACC in
experimental.

VII. CONCLUSION

In this paper it has been presented a comparison between of
two type of current control to reduce the THDi and increase
the PF in a Three-Phase Boost Rectifier driving a small wind
turbine. In PCC control implementation, analysis was
performed in order to ensure the stability of current control
loop by selecting the appropriate value of the external ramp.
In the ACC control implementation, analysis was performed
in order to stabilize the control loop current through the
appropriate compensator.

To determine which of the two controls yields a lower
THDi and higher PF, the simulation is performed Boost
Rectifier | with each of the controls through the PSIM. To
confirm the simulated results were performed an
experimental evaluation of the Boost rectifier using control
PCC and ACC control. The range of speeds at which they
were tested was 150 to 500 rpm.

The results demonstrate that it is better the peak current
mode control, because it is achieved a smaller THDi and a
higher PF in all over the operating range of the generator.

In the experimental case, Boost rectifier with PCC control
achieves low THDi (1.93 % - 11.97 %) and high PF (0.9 —
0.98) in comparison with the Boost Rectifier with ACC
control (THDi = 2.15 % - 12.7 % and PF = 0.9 — 0.98).
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