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DSP-based Current Programmed Control of Three Phase
PWM AC-AC Boost Converter
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(Nam-Sup Choi * Yulong Li)

Abstract - In this paper, a new scheme of current programmed control for three phase PWM AC-AC converter is
presented. Compared to duty-ratio voltage control, current programmed control has several advantages such as reduction
of system order, inherent current protection and robust output. By considering only the magnitude components, a similar
scheme in the DC-DC converter can be extended to the three phase PWM AC-AC converter. The proposed current
programmed control will be well adopted into various converter topologies though three phase PWM AC-AC boost
converter is treated as an example. The converter analysis is carried out by applying the vector DQ transformation to
obtain physical insight into the converter operation and to establish some important characteristic equations for control
purpose. The experiment results show the validity of the proposed scheme.
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Nomenclature

x, X matrix notation

x complex variable or complex number

x7 transpose of a matrix

x conjugate of a complex variable

Xyobe matrix composed of three phase quantities, [xyq,
Xoby Xyl

X ygdo matrix composed of quantities obtained by DQ

T
transform, [xpq, Xwi, Xwol

Xd d-axis component in DQ transform

Xq g-axis component in DQ transform

J complex number v—1

s Laplacian variable

d duty ratio of ¢, @3, @5 switches

Vs rms value of line-to-line source voltage
® angular frequency of source voltage

f frequency of source voltage in Hz

L inductance of input s}de inductors

r parasitic resistance of input side inductors
C capacitance of output capacitors

{Limag magnitude of three phase inductor current
Uomag magnitude of three phase output voltage
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Uref
iLu
Usp

Utp

Uop

igu
Us

i

i

Vo

reference magnitude of three phase output
voltage

U phase inductor current (¥ = q, b, ©)

source voltage of ¢ phase (# = a, b, ¢)

node voltage at ir, current injecting point (v =
a b, o

# phase output voltage (# = @, b, ¢)

current flowing into z phase output side (47 = q,
b, ¢

complex voltage obtained by DQ transform of
v W=a b, 0), i€, Us = Usa + J Usq

complex current obtained by DQ transform of
iw (W=a, b, 0),ie, iL = ita +JjiLg

complex voltage obtained by DQ transform of
vw (W =a b, c), le, Ot = Vu + J Vg

complex current obtained by DQ transform of
igp (W=a, b, ), i€, ig = igd + ] igq

complex voltage obtained by DQ transform of
Vou (W =a, b, ©), i€., Vo = Vod *+ J Uog

duty ratio d at operating point

DC value of v, at operating point

DC value of ir at operating point

DC value of v, at operating point

the amount of perturbation of duty ratio d

the amount of perturbation of ir

the amount of perturbation of bo

the amount of perturbation of reference or
command current for inductor current ir
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1. Introduction

Current programmed control has been widely used in
switching converters. Numerous attempts have been made
to characterize this control scheme with small signal
models. Current programmed DC-DC converter has been
dealt with in many papers[1-4). In [1] and [2]), complete
analysis and discussion are presented for the three basic
converters. In [3], a continuous-time current-mode control
model together with sampling accuracy is discussed. In
[4], a unified model is established for a current
programmed converter.

The current programmed control for AC-AC switching
converters, however, has rarely been investigated. This
paper proposes a practical current programmed control
scheme for AC-AC switching converters.

By considering only the magnitude components, a
similar scheme as in the DC-DC converter can be
extended to AC-AC case. The actual inductor current
magnitude follows the current command through the inner
current control loop.

The proposed current programmed control scheme has
several advantages over conventional duty cycle control
method. By processing the switching control signal with
the current programmed controller, the small-signal
control-to-output transfer function contains one less pole
than that of duty cycle control, so the system order will
be reduced. Such reduced system order may lead to
easier controller design. Also, as the current programmed
controller makes use of the sensed the inductor current
information during normal converter operation, transistor
failures due to excessive switch current can be pfevented
simply by setting the current reference value. Hence,
inherent current protection is realized.

The proposed current programmed control will be well
adopted into various converter topologies such as buck,
boost, buck-boost, etc[5]. The three phase PWM AC-AC
boost converter is treated as an example in this paper.

Basic converter analysis is carried out by performing

vector DQ transformation[6], thus some important

characteristic relations are obtained for control purpose.
Finally, an experimental setup is made and the

experiment results support the design and analysis.

2. System Description
2.1 Operation Principle

Fig. 1(a) shows the conventional duty cycle control
diagram of the three phase PWM AC-AC converter. The
output AC voltage is sensed and compared with a
reference value to generate an error signal, which will be
processed by a compensator. The duty control signal is
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made according to the compensator output. )

Fig. 1(b) illustrates the proposed current programmed
control diagram of the three phase PWM AC-AC
converter. As seen in Fig. 1(b), the three phase AC
output voltages will be sensed so as to produce the
corresponding output voltage magnitude Uomee instantly.
This voltage magnitude is compared with a reference
value to generate the voltage error signal v.. The error
signal is then processed by a PI compensator to form the
inductor current magnitude command i.. The sensed
inductor current magnitude cdmponent iLmag 1S compared
with i to make the current error signal i.. Then this
current error signal is processed by a PID controller to
update the duty ratio, and the PWM switching signal is
made by comparing the duty with a triangular waveform
with the switching frequency. Thus the actual inductor
current magnitude follows the current command through
the inner current control loop.
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(b) Proposed current programmed control
Fig. 1 Control block diagram of the PWM AC-AC converter

By processing the switching control signal with the

current  programmed controller, the small-signal
control-to-output transfer function v,(s)/%,(s) contains
one less pole than v,(s)/d(s), so the system order will be
reduced. Also, since the inductor current is directly

controlled, the behavior is somewhat like the controlled




current source, which will consequently make robust
output. Moreover, the current magnitude is limited by the
current command, thus inherent over-current protection
will be realized.

2.2 Converter Circuit

Fig. 2 shows the three-phase PWM Boost AC-AC
converter. As seen in Fig. 2, the system requires six
IGBTs. In Fig. 2, r represents parasitic resistance of L.
Also, d means the duty ratio of @, @ and @s where
they turn on or off in the way of simultaneous switching.
Similarly, @, @s; and @ tum on or off simultaneously.
Therefore, it should be noted that the system under
analysis has only one control variable, d.

The source voltages with angular speed, @ are
assumed ideal and balanced and are given as follows

Vsq 5 sin{wt)
Voose = | Vep|= ‘/— -V, sin(wt—27r/3§ (1
v, 3 sin{wt+2r/3
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Fig. 2 Three phase PWM AC-AC boost converter

< vDC R

3. Converter Analysis
3.1 Vector DQ Transformation

A vector DQ transformation of three phase quantities
Xyabe iNtO0 & complex vector xy is defined as

Xyqdo = nyubc = [qu Zyd Iw] 7 ()
: oos(wt)oos(wt—%r)oos(wt+2?ﬁ)
2 .
K= \/; sin{wt) sin(wt—— 2%) sin(wt + 2%) 3
vz 1/V2 1/v2
z, =7+, 4

where X, = (2,0 Ty Tyl T
After obtaining the averaged circuit equations and
applying the vector DQ transform, one can obtain the

converter equations as follows
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us—vt=r'iL+L§t-iL +jwli, (5)
Cditva+ju)C’vo+—}1§110=is 6)
i, =(1~-d)i ™
v, =(1—d) v, 8

where v, =v,+jv,, =V,.

In (5 and (6), the term jwL(jwC) does not mean
conventional impedance(admittance) but an element that
represents the cross coupling relationship between real
part(d-component)  equation and imaginary part
(g-component) equation. Note that in (5) to (8) all the
voltages and current can be regarded as a complex
variable which is a function of time.

By using the vector DQ transformed equations of (5)
through (8), the vector DQ transformed equivalent circuit
can be drawn as shown in Fig. 3. .

It should be noted that the equivalent circuit of Fig. 3
possesses the exact information on the presented system,
which means, there is no loss in system information in
the way of inducing the equivalent.

. I3

_I,L L ryjaL _:g
+ +° )0+ 1
vs— "; vo T _]af R

(1-d)1

Fig. 3 Vector DQ transformed equivalent circuit

3.2 Steady State Operation

The steady state characteristics can be obtained by
considering the DC equivalent circuit as shown in Fig. 4.
In steady state operation, the inductors seem to be short
and capacitors open when referring to Fig. 3 because all
of the DC circuit variables imply DC values.

The steady state operating eguations are

V,.-(1-D)V, =1 (r+jwl) 9)
(1-D)yI, = (ij+ %) v . (10)
For convenience, some values are defined as follows

L
QLz."_L)——’ Qc—_'wCR' n= T

- L D=1-D (11)

The voltage conversion relationship will be
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Vo_ 1. Lk = - pla
V, U D+n-QQunti(@n+tQm) T
(12)
where
=T &= (1-@,@Q.)
2
6= (14+@})1+Q2). (13)

Considering the magnitude, voltage gain G, is found to
be

= - (14)

It is worth noting that in (12), (13) and (14)

1) Voltage gain of the presented three phase PWM
AC-AC boost converter is similar to DC-DC converters,
but modified by a factor of p.

2) Under general operation, the numeric value of the p
factor is almost unity.
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Fig. 4 DC equivalent circuit
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3.3 Small Signal Mode! and Transfer Function

The small signal model is established by introducing
some perturbation to the control variable d whereas the
input voltage is not perturbed. Then, the circuit variables
consist of DC and AC components. The perturbed
component is indicated by the diacritical mark '~ of the
corresponding variable to distinguish it from the quiescent
value denoted by capital letter as follows

=L+, o= Vb, d=D~d. (15)

where d =1—d.

Fig. 5 shows the resultant small signal equivalent
circuit obtained by applying the perturbation into the
vector DQ transformed circuit of Fig. 3. Substituting (15)
into (5) to (8), one can obtain

1
LNVl al%l4] Cla (16)
i, i o
L
where
Jw Lz
_ RC C
A= o . an
T ML

Applying Laplace transform to (16) and (17), one can
obtain

S s a8)
i) GDCR+2D)+j2DwCR

where a=«*LCR+D?*R~r C+sL, b=wl+wrC?R+ swLCR .

In (18), an assumption is made that the inductor
current magnitude perturbation i, is identical to the
programmed current command perturbation i, That is
i(s)~i(s). This is valid to the extent that the
controller is stable, and that the magnitude of the
inductor current ripple is sufficiently small.

From (18), it can be found that the small-signal
control-to-output transfer function v,(s)/i.(s) contains

only one pole and thus the system order is reduced.

-li L r+joL
A ~ ._’ R
dI; voT jaC
(1-D):1 '

Fig. 5 AC equivalent circuit
4. Experimental Results

To confirm the validity of the design and analysis of
the proposed scheme, an experimental setup was made.
The circuit parameters are as follows; Vs =110 V, f=60
Hz, L=1.2 mH, r=001 &, C=20 F, R=30 . Also, the
switching frequency is 6 kHz.

With these numeric value substituted into (12) and
(13), the conversion ratio can be plotted as a function of
the duty ratio with respect to different load resistances.
Fig. 6 illustrates the conversion curves with four different
load resistances of 5, 10, 15 and 20 Q. Due to the power
circuit energy loss, such as the switches’ forward voltage
drop and. inductor parasitic resistance loss, the maximal
voltage gain is limited as shown in Fig. 6.
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Fig. 6 Voltage gain plot with different load resistances

The described current programmed controller has been
implemented wusing a TMS320F2812 digital signal
processor(DSP). Fig. 7 shows the experiment setup of the
digitally current programming controlled boost converter.
It can be seen in Fig. 7 that except for the sensing
circuits, all the controlling behavior is implemented by
using DSP, thus fully digital control is realized.

The TMS320F2812 DSP goes still further by providing
high speed and high resolution. It offers excellent
performance on mathematical calculation and the PWM
signal generation, with significant counter
programmability and a substantial number of independent
PWM channels.

The current control algorithm is implemented by an
assembly program, whose flow—chart and is illustrated in
Fig. 8. It is worth noting that

1) Due to the high performance of the TMS320F2812
DSP, the execution time of the routines, including analog
to digital conversion, is much smaller than the modulation
period.

2) The interrupt generated by the period counter, can
automatically used to trigger the A/D conversion.

3) Setting the same interrupting frequency with the
switching frequency, will make the control variable
updated every single switching period.

A Switches G Afv_
Network Vos R

V- S\ AW_J
4 ;?-,- Voo R

T d  1-d T

T

inductor IGBT | ( Output voltage

current sensing driver sensing

PWM
Digital current
programmed
controller

et o e A e - = - ——

Fig. 7 Experiment setup of the PWM boost converter
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A/D Conversion
Voltage Loop
P1 Compensation

Current Loop

Hardware
Initialization
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Fig. 8 Flow chart of the control program

Fig. 9 shows the input/output voltage and inductor
current waveforms in steady state. In Fig. 9, the output
voltage is set to be a magnitude reference of 370 V at
peak value. From Fig. 9, it can be seen that the designed
current programmed converter operates well in steady
state.

Fig. 10 shows the dynamics waveforms of the inductor
current, input and output voltage when the peak
magnitude voltage reference sets to change from 80V to
240V. It can be seen from Fig. 10 that the output well
follows the reference voltage, and the transient time is
about one cycle. In Fig. 10, voexy Shows the expanded
waveform of ves around the output voltage reference
changing point.

Fig. 11 shows the dynamics waveforms of the input
voltage, output voltage and inductor current when the
load resistance is set to suffer abrupt change from 30 Q
to 15 Q. As seen in Fig. 11, the controlled converter
employing the digital current mode controller is stable
and well operated.
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Fig. 9 Steady state operation
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Fig. 10 Dynamics waveforms for voltage reference change;
Vsap(100V/div,  50ms/div), Voan(100V/div, 50ms/div},
i12(20A/div, 50ms/div), Voasen(81V/div, 20ms/div)
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Fig. 11 Dynamics waveforms for load resistance change;
Vsar(100V/div,  50ms/div), Vea(100V/div, 50ms/div),
.a(20A/div, 50ms/div), Voasexn(81V/div, 20ms/div)

5. Conclusion

This paper deals with the current programmed control
of three phase PWM AC-AC boost converter. A similar
scheme of DC-DC converter in current programmed mode
is extended to AC-AC case by considering the magnitude
components. Circuit analysis is carried out by using
vector DQ transform method. Small signal model and
transfer function are investigated. The experiment results
support the validity and feasibility of the design and
analysis.
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