1 1 AC/DC Grid Interface
Based on the Three-Phase
Voltage Source Converter

11.1 PARTICULARITIES, CONTROL OBJECTIVES, AND
ACTIVE POWER CONTROL

As energy is mostly transported on AC lines, electronic circuits able to convert AC to
DC voltages have been the first application ever for power semiconductor devices [22—
27]. The diode rectifier is the simplest power converter grid interface (Figure 11.1).
At larger power levels, energy is transported and distributed within three-phase
systems, and conversion from three-phase AC to DC voltage is used. All design
aspects of diode rectifiers are thoroughly presented in university textbooks for power
electronics and will not be reproduced here. However, Table 11.1 reviews the possible
diode rectifier solutions and the appropriate factors for the waveform quality.

It is important to note that the high harmonic content of the grid currents may
not be in accordance with the modern standards for power quality for certain power
levels. Chapter 1 has shown some of the main requirements expected from power
converters in different countries. It is easy to observe that above a certain level of
the grid current, this class of topologies does not satisfy power quality requirements.

The second obvious disadvantage of this topology is the lack of control for the
output voltage. Historically, this drawback was first tackled with thyristor (SCRs)-
based converters (Figure 11.2). Their operation assumes a phase control and an
output voltage lower than the diode rectifier’s output voltage. The waveforms
corresponding to the operation of this power stage outline the low power factor
and large reactive power circulated in the system.

The advent of power semiconductor devices with turn-off capability has
improved the power quality factors for the grid currents. The first use of gate-
turn-off thyristor (GTO) devices within the diode or SCR-rectifier topologies has
opened a new class of power converters. Examples of pioneering solutions are
shown in Figure 11.3.

The output voltage results in a train of pulses characterized by a DC component
and an HF-switching component. The grid current equals the algebraic sum of the
currents through two devices and follows the pulse control strategy. This allows
total harmonic distortion (THD) or, generally, the harmonic content of the grid
current to improve. Given the large inductance in the load, a pulse is seen in the line
current during each interval when a voltage pulse is generated on the load (Figure 11.4).
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FIGURE 11.1 Different topologies of diode rectifiers.
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If the number of pulses is small, a control strategy able to eliminate low
harmonics (5th, 7th, 11th, 13th, and so on) of the current waveform is employed.
Details of designing a pulse width modulation (PWM) controller suitable for such
an operation are presented in Chapter 4. If the power semiconductor devices
allow a higher switching frequency, a sinusoidal PWM algorithm may be con-
sidered. Two switches are controlled at a given moment and the pulse width is
derived with a sinusoidal law.

All these circuits switch current through the grid lines. They introduce a line
inductance in the path of the switch current, creating overvoltage at switching. To
overcome this, snubber capacitors are needed across the power semiconductor
devices (Chapters 2 and 3).

All the previously introduced power converters ensure energy conversion
towards a load with a large inductance. This is the case when a DC machine
drive or a DC magnet supply is used. However, a large group of applications
require supply of the load with a constant DC voltage. This includes also the case
of a grid interface for AC machine drives in which the DC circuit is dominated
by a very large capacitor. Details about rating the DC bus and the importance of
the proper value for a specific AC machine drive application are discussed in
Chapter 4. We present here the details of the grid interface.

The simplest circuit able to create voltage on the DC intermediary circuit is based
on a diode rectifier. As both the grid and the DC bus are voltage sources, an inductance
should be used to take over instantaneously the differences between these two voltage
sources. Different solutions use the inductance on the DC side, on the grid side, or on
both sides. When the inductance is on the DC side, the circuit operation is identical to
the previous diode rectifier with a large inductive load. The rectifier bridge produces
an output voltage following the envelope of the grid voltages, and the inductance acts
as a filter to produce the constant DC bus voltage (Figure 11.5).
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TABLE 11.1
Performance of Different Diode Rectification Schemes
without Output Capacitor Filter
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When the inductance is on the AC side, the diodes have a shorter conduction
angle depending on the actual voltage of the DC bus capacitor. Figure 11.6 shows
the topology and the main waveforms for this AC/DC converter. When the differ-
ence between two line voltages is larger than the DC bus voltage, a pair of diodes
turns on and the capacitor voltage follows the grid line-to-line voltage (VLL).
This interval corresponds to charging energy within the DC bus capacitor. When
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FIGURE 11.2 SCR-based bridge converter and output voltage waveforms for different phase
angle controls.

the DC bus voltage reaches the level of VLL, the diodes turn-off and the load is
supplied solely from the capacitor bus. During the short conduction time interval
of the diodes, the charging current is quite high, as it is produced across a small
grid inductance from a large voltage difference. Moreover, the charging current at
the start-up is very high until the bus voltage reaches the envelope of the grid voltages.

The output of the rectifier bridge represents a quasi-constant DC voltage with a
level dictated by the grid peak voltage. The level of the DC bus voltage depends
slightly on the load. If there is no load, the DC voltage follows exactly the peak
of VLLs. The higher the load current, the larger the ripple of the voltage across
the capacitor produced by subsequent charge—discharge events. The maximum
ripple corresponds to the diode rectification waveform of VLLs.

11.2 PWM IN THE CONTROL SYSTEM
11.2.1 SINGLE-SWITCH APPLICATIONS

As previously shown, there is no control of the level of the DC bus voltage, and the
grid currents are formed by pulses of current. A simple solution would consist of a
buck or boost converter following up the DC capacitor (Figure 11.7).
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FIGURE 11.3 Use of GTO devices within single-phase grid interfaces.

There is a double DC stage within these converter topologies and this implies
large filter DC capacitors. A closer analysis shows that the output voltage can be
achieved after a multiplication of the switching functions corresponding to the
two power-converter stages. This is equivalent to considering a single-capacitor
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N

FIGURE 11.4 Pulses within the grid current.
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FIGURE 11.5 Diode rectifier with an inductive filter on the DC side.

filter at the output of the second power converter. In other words, it is possible to use
the rectified voltage directly at the input of the buck or boost converter.

Moreover, it is desirable that the grid current be as close as possible to a sinu-
soidal waveform with reduced harmonics. The operation of the boost converter
ensures this behavior of a continuous input current, with a waveform close to a
given reference. This is because the inductor appears on the grid side and the induc-
tor current is not chopped during operation. The resulting possible topologies are
shown in Figure 11.8. Among these, the circuit with grid-side inductance is pre-
ferred because of the AC character of the current through inductors. The second
major advantage of this topology consists of the inherent high power factor of the
grid current.

Rectifying the AC input using a diode rectifier and chopping it at a high
frequency to achieve voltage control has the advantages of simplicity, performance,
and reliability. A diode rectifier cascaded with a PWM boost chopper is analyzed in
[1-7]. In the first solution [1], the boost inductance is present in the grid side as
phase inductance (Figure 11.8a). The analysis and design of this converter is
further described in the work of Kolar et al. [2,3].
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FIGURE 11.6 Diode rectifier with an inductive filter on the DC side.
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FIGURE 11.7 DC/DC converters following up a diode rectifier stage.

The step-up (boost) converter operates at constant frequency in the disconti-
nuous mode. This mode has some disadvantages:

- Higher voltage/current stress
« Electro-magnetic inference propagation
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(b) x % - ™
KX

FIGURE 11.8 Three-phase single-switch boost converter.
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Advantages consist of

« High input power factor

« Reduced power loss through zero-current switching

« The absence of reverse recovery problem in the diodes

« The possibility of single control loop to control output power and voltage

Using this approach in high-power applications operated with low switching fre-
quency and producing a low output voltage leads to a lower grid power factor and a
current THD greater than 5%. One solution consists of injecting a harmonic content
within the control of the switch in order to compensate for the main current
harmonics.

The conventional control of the boost converter grid interface is simple, but the
advantages of PWM are not fully utilized yet. It has been shown in the work of
Weng and Yuvarajan [6,7] by extensive computer analysis that the input current dis-
tortion for a single-phase converter is reduced when employing a PWM with a
second harmonic signal injected within the reference. The reference signal for
the PWM generation is usually a DC value able to define the output voltage
level. By injecting a second-order harmonic synchronized with the grid, the inherent
variations of the output voltage and input current with the phase of the grid are
reduced (Figure 11.9).

The circuit contains a low-pass grid filter that allows the input voltage to be seen
directly at the converter input. The second inductance of the filter (L) also acts as a
boost inductance for the converter. The switch used in this boost converter can be
power MOSFET or insulated gate bipolar transistor (IGBT), depending on the appli-
cation. When the IGBT “T” is ON, the boost inductances are supplied by phase
voltages and energy is stored in their magnetic fields. Depending on the phase of

D'—
D
o ¥

SW ek
VDC —— Vout
)

FIGURE 11.9 Injection of the second harmonic within the reference signal of a single-phase
boost converter.
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the input voltages, three diodes are in conduction at any time. This ON-time interval
usually has a constant width and it can modify the output voltage on the basis of the
duty ratio. When IGBT is turned-off, the energy stored within the boost inductance is
transferred to the output capacitor. As with any boost converter in discontinuous
conduction mode, the transfer to the output capacitor is ended when the current
vanishes. The duration of this operation (#,¢;) until the first phase current reaches
zero depends on the stored energy and, therefore, on the value of the lowest
phase voltage. Observing the phase voltages within a three-phase system defines
12 intervals for analysis, each interval having a different phase voltage with the
lowest value. The following discharge interval (#.¢,) is characterized by the conduc-
tion of two diodes only.

Figure 11.10 shows PSPICE simulation results, for example, for the current
waveforms given for the case vg > 0, vy <0, vy < 0. The first current to reach
zero is on phase T. Maximum values of the current are denoted by I, ., and
current levels in the first two phases when the third-phase current vanishes are
denoted by I, ). The second waveform always represents voltage shape at the
diode rectifier input on the corresponding phase.

From this generic operation of the power stage, different PWM control solutions
are considered in the work of Kolar et al. [3].

« Constant ON time and constant switching frequency.

« Variable switching frequency depending on IGBT’s turn-on immediately
after the end of the inductance’s discharge interval, with operation at the
border of discontinuous conduction mode.

« Maintaining a constant DC power flow on the DC side by a highly dynamic
output voltage control. This solution requires a very large bandwidth of the
system.

Understanding all aspects of the operation of the power converter shown in
Figure 11.11 and the principles of the harmonic injection, as explained in
Figure 11.9, for the single-phase converter allows the development of a special
PWM algorithm with performance improvements. The duration of the first time
interval after the IGBT’s turn-off depends on the instantaneous value of the
lowest phase voltage, and this can be compensated for by an appropriate modulation
of the reference signal for the PWM control. If the constant duty cycle of the con-
ventional operation is denoted by D, the new reference signal for the PWM control
is given by:

D(t) = Do(1 + f(2)) (11.1)

The injected harmonics are included in the f(f) function. The ON time of the
switch is defined as:

ton = (Do +f(0))Ts = DT (11.2)
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FIGURE 11.10 Shapes of the converter input currents and voltages for (a) phase R, (b) phase
S, and (c) phase T. (From Neacsu DO, Yao Z, and Rajagopalan V, IEEE PESC Conference
1996, Baveno, Italy, 1986, 24-27, pp. 727-727, IEEE Paper 0-7803-3500-7/96. (With

permission.)

Copyright © 2006 Taylor & Francis Group, LLC



AC/DC Grid Interface Based on the Three-Phase Voltage Source Converter 301

D, D; Ds D,
5 % i
fin fia Coc
I — KTl
3 x Ly 3 x G 3><LbT T + T

FIGURE 11.11 Basic single-switch three-phase boost converter.

A qualitative analysis of the converter operation reveals the important six-order
harmonic as a component of the f{¢) function. There are different methods to define
the exact or mathematical form of this function. Many solutions are based on repeti-
tive simulation or experimental analysis. In what follows, theoretically derived
expressions of phase currents are solved for a problem of optimality and the appro-
priate computer based implementation is discussed.

However, this optimal PWM improves the harmonic performance at the input of
the power converter stage and the actual filter also influences the grid harmonic
performance.

Let us derive the mathematical expressions for currents through the boost induc-
tance [7] assuming:

« Symmetrical three-phase system with no neutral components.

Neglect of losses in the converter.

« Same value of the boost inductors in all three phases.

« All currents are positive when entering the power stage and negative when
they flow into the grid.

« High switching frequency allowing an approximation of constant grid vol-

tages over the sampling period and a linear variation of the inductor

current over f,, and Zy¢.

The input filter effect to evaluate grid currents by averaging the converter

input currents in each sampling interval.

« The symmetry of a three-phase system to reduce the analysis for a 30° inter-
val (symmetrical evolution on the next 30° is achieved and evolution on the
other 60° sectors can be defined by changing the phase sequence.

« The interval shown in Figure 11.10 is considered.
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A mathematical form for the phase voltages is shown as:

vr = V cos (wr)
_v 2T
vs = Vcos| wt — 3 (11.3)

4ar
vt = V cos wt—7

We develop the analysis for the 30° interval before the peak of the grid voltage
on phase R.
The average relationship for the input current on phase R yields (Figure 11.10):

tonlmr toﬁl(lmr +Io r) t0ﬁ210r

: : : = = IRav T 11.4

2 > + > Roavds ( )

Now, let us define mathematically each time interval. The ON time has already

been defined by Equation (11.2) and the first discharge interval depends on the
instantaneous value of the voltage on the last phase.

oVt = il fon = Lo = B
Vi—vi M T 8o —ve M T (1/3) e v

(11.5)

foff1 =

The bend-point value of the current on phase R when the current on phase T
vanishes yields:

Al — fonVR _ tnlfl[(z/?’)(VDC - VR)]

Io,r = Im,r — 12 L (11.6)
t — 2Vpe — 3
I, = onVR VT fon DC VR (11.7)
: L Ve + 3vr L
! 2
JALL R VAL e (11.8)

L™ Vbc + 3vr

During the first discharge interval, D;, D4, and Dg were in conduction. The
second discharge interval for phase R (7, in Figure 11.10) is characterized by
the conduction of D; and D, only.

toiiz 1
loy = =7 5 [Voe = v + vs] (11.9)
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It yields:

VR+2VT 1
toiiz = 2VDpclon 11.10
off2 S VI T ——T— ( )

Taking into account all these equations in the current average relationship
yields:

DT, 3v
Rav = —=— - 5 [VR(Vbe + 3vr) + Vb (vr + 2vr)]

ey B S
2L { 7 Voe + 3wl
VR + 2vr 2 2

+| Vbc
VDC + 3VT VDC + Vs — VR

Currents on the other two phases are given without demonstration, but they can
be calculated as an exercise.

(11.11)

D*T,  vp
It,w=———YV, 11.12
T 2L Vpc + 3vr be ( )
DT, 3v
Is oy = Ty { |:Vs - m [vs(Vpc + 3vr) — Vpc(vr + 2VT)]]

2
Vs — VT 2
—|V 11.13
|: be Vbe + 3VT:| [VDC +vg — VR]} ( )

These expressions are analogous with the results presented in the work of Kolar
et al. [2,3], but with an explicit dependence on the circuit voltages and are very suit-
able for computer implementation and solving.

The goal for computer optimization is to determine the modulation function f(#),
which reduces the input current harmonics. In this respect, the optimization con-
dition is written as the cumulative error from a set of input currents with sinusoidal
waveforms and synchronized with the grid voltages. In a real implementation, the
root mean square value of these reference currents is calculated from the power-
transfer condition through the power converter.

min|(Iray — ir)* + Usay — is)* + (ray — i1)*] (11.14)

The first possibility to solve this optimal problem consists of using a mathemat-
ical program, such as MathCad. One should solve the constraint (11.14) for each
phase angle of the input voltage within a sector of 30° before the peak of the
voltage on phase R. Results for different duty cycles are shown in Figure 11.12.
As the preliminary understanding of the problem indicated that a sixth-order harmo-
nic may be the optimal injected signal, the appropriate modulation signal for

Copyright © 2006 Taylor & Francis Group, LLC



304 Power-Switching Converters

Duty cycle
0.7 T T T T

Optimal solution
06 ~~=—.__  |------ Cos approximation of

solution
0.5 \
0.4 \

0.3+

0.2F

01 L L L L

Phase angle

FIGURE 11.12 Results for the duty cycle modulations for the same phase as in
Equation (11.3). (From Neacsu DO, Yao Z, and Rajagopalan V, IEEE PESC Conference
1996, Baveno, Italy, June 1996, 24-27, pp. 727-727, IEEE Paper 0-7803-3500-7/96.
With permission.)

a cosine approximation is also shown. This approximation is very important for the
actual implementation of the controller.

Notice a linear dependence of the amplitude of the cosine modulation waveform
on the switch duty cycle. The amplitude is given by this linear dependence, whereas
the phase variation is achieved with a phase locked-loop (PLL)-based circuit for
synchronization with input line voltages. The modulation wave thus obtained is
used with a classical PWM integrated circuit (IC) to control the switch.

Taking into account the power conservation principle can help demonstrate that
each 2nth harmonic in the power converter’s output voltage is related to the input
current harmonics of orders 2n + 1 and 2z — 1 (output constant load, input sym-
metrical system). For instance, an action against the 6th harmonic in the output
would also minimize the effect of both 5th and 7th harmonics in the input current.

Injection of a harmonic signal within the reference for the PWM control is able to
correct the ideal low-frequency shape of the input current. Figure 11.13 presents theor-
etical low-frequency components for the cases with and without harmonic injection.

The actual input current harmonics are also influenced by the input filter. One
of the negative effects of the input filter that adds up to delays in the control
system and the effect of the sampling interval is the phase shift between the input
voltage and current. To compensate for this phase delay, a small phase shift
should be considered within the harmonic injection reference.

Figure 11.14 and Figure 11.15 show harmonic results when this solution is con-
sidered within a power converter-based grid interface. The THD of the input current
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FIGURE 11.13 Input current theoretical waveforms: solid line, without modulation; dashed
line, with modulation. (From Neacsu DO, Yao Z, and Rajagopalan V, IEEE PESC Conference
1996, Baveno, Italy, June 1996, 2427, pp. 727-727, IEEE Paper 0-7803-3500-7/96. With
permission.)

is still above 5%, but Figure 11.14 does not include the effect of the input filter. The
remaining harmonics are at higher frequencies, and they can be removed with a
conventional low-pass filter. As the optimal PWM reduces the content in the low
frequencies, 5th and 7th harmonics of the input current for the case without harmo-
nic injection and for the case with harmonic injection are shown in Figure 11.15. It
can be seen that the cumulative effect of both 5th and 7th harmonics is reduced by
this approach: (min(V2 + V2)). For a switching frequency of 5 kHz, the content
in low harmonics for the case without optimal modulation is Is = 6.77%
and I; = 1.01%, whereas the case with optimal PWM leads to Is = 3.84% and

—A— without modulation
—— with modulation

0.2 0.3 0.4 0.5 0.6

FIGURE 11.14 THD for input current over the switch duty cycle computed with the first 500
harmonics. (From Neacsu DO, Yao Z, and Rajagopalan V. IEEE PESC Conference 1996,
Baveno, Italy, June 1996, 24-27, pp. 727-727, IEEE Paper 0-7803-3500-7/96. With
permission.)
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FIGURE 11.15 Low harmonics content of the input currents. (From Neacsu DO, Yao Z, and
Rajagopalan V, IEEE PESC Conference 1996, Baveno, Italy, June 1996, 24-27, pp. 727—
727, IEEE Paper 0-7803-3500-7/96. With permission.)

I; = 3.83%. However, both harmonics are inside the limits imposed by IEC 555-2
(Is=1.14A and I; =0.77A) for the output powers in the kilowatt region.
For D > 0.5, the content in both harmonics is less than 4% as required by IEEE
519-1992.

The harmonic injection in the PWM reference signal of a single-switch three-
phase PWM boost converter has the following advantages:

« Reduced instability risk due to discontinuous conduction mode

« Applicable to the single-switch three-phase boost converter topologies
(including the modern resonant ones) with minimal and low-cost modifi-
cations of the command circuit

« Implementation with any conventional PWM IC owing to the operation with
constant switching frequency
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« Reduced requirements for the mains filter and enlarged domain of having
input THD current less than 5% and input power factor greater than 95%.

11.2.2  Six-SwitcH CONVERTERS

Many applications require a bidirectional power transfer to the grid, and this implies
moving the boost power converter stage closer to the grid without the intermediate
stage of diode rectification. Figure 11.16 shows the three-phase six-switch power
converter. Chapter 3 introduced this power stage with applications to DC/AC
conversion and AC motor drives. The same power converter with a different
control is the most important three-phase electronic grid interface.

This topology allows a bidirectional power flow with the control of both the DC
bus voltage and the input power factor, although the input currents have low harmonics
[15-21]. This ensures a very high performance interface to the grid for different indus-
trial equipment, such as electrical drives or DC load supply. Electrical drives with AC/
DC boost bridge converters also benefit from energy savings during braking or accel-
eration during drive dynamics. Controlling the DC bus voltage allows capacitor dis-
charge into the grid instead of on a dummy brake resistor (Figure 11.16).

Let us develop a mathematical model for the analysis of this power converter
starting from the grid electrical circuit. The grid voltages are defined as:

e,0 = E sin(wr)

2ar

ebozEsin(wt—?> (11.15)

e = Esm<w _ 4777)
ko lE L

B
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(@}

Vic Ve Vi ey —

FIGURE 11.16 Three-phase grid interface with six switches.
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The voltage equations for each phase can be expressed dependent on each pole
voltage from the power converter.

. dila
€0 = Ryia + Lr? + Vao
di
€po =Rri1b+Lr§+Vbo (11.16)
. dilc
eco = Ryijc + L, a + Veo

The first approach to the analysis of this converter was developed with a scalar
control of the DC voltage through the modulation index of the PWM references syn-
chronized with the AC grid voltage [8]. The difference between the fundamental of
the voltage generated by PWM and the grid voltage is applied to the boost induc-
tance, defining the input currents. Given the inherent phase shift produced by an
inductor, the control references should be appropriately shifted and synchronized.

A second approach consisted of the so-called delta control of the power conver-
ters, [9] which is an equivalent of the hysteresis control method.

Later on, vectorial methods [3—6] were preferred for control of this power con-
verter [7,10,11]. The vectorial methods for three-phase systems have been presented
in Chapter 6 for DC/AC converters and they can be extended to AC/DC conver-
sion. They provide high performance current control in the d—q frame and have
the particular advantage of separating the active and reactive power components.
As one of the most important requirements for the grid interfaces is the unity or con-
trollable power factor, this features become very important.

The three-phase system of equations from Equation (11.16) can be transformed
in an equivalent two-phase system expressed by:

. dilx
e =Ry + Lr? + vyxo
di (11.17)
. 1y
ey = erly + erity + vy

The transformation of these equations into the synchronous reference frame

Vd = V0 €0s 0+ vy0 sin 6

i (11.18)
Vg = —Vy Sin 0+ vyg cos 0
yields the input voltage equations in the synchronous d—gq reference frame
. dig .
eq =R iz +vy+ Lra - erlq
di (11.19)
eg = Ryig + vy + L,f + ol
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The grid voltages are expressed by two constant components:

eq = E
(11.20)
e, =0
Equation (11.19) and Equation (11.20) demonstrates that the grid current can be
decomposed into two components:

« i, allows the control of the input reactive power.
« iy allows the control of the input active power.

Working with unity power factor means to keep i, = 0. The i, current reference
is provided many times by the output of a proportional-integral (PI) controller for the
DC bus voltage control (Figure 11.17), as this component has the role of active
power transfer to the DC bus.

The modules Compensation, Voltage limit, and Transform will be explained
later in this chapter. The PWM module has to transform the reference voltage
orthogonal co-ordinates into six gating signals for the power devices. A previous
chapter for PWM algorithms showed several solutions for the DC/AC conversion.
All of them can be redesigned for the grid interface application as they can be
reduced to a set of reference voltages to be transformed into gate pulses. A group
of methods are based on a conversion from the orthogonal system in phase reference
voltages followed up by a comparison with a carrier waveform.

The space vector PWM concept allows better utilization of the DC bus voltage
compared to carrier-based PWM methods and it represents, hence, a most con-
venient selection. The maximum voltage achievable at the power converter input is:

Vit = 0.61Vpe (11.21)

It is important to be able to have a large input voltage for the dynamic range of
the system. The more the voltage available to be applied to the boost inductors, the

€3,6p

PLL
reference angle

liavibl

irei=0
y i q-ref :
2 Compensation [—
tCurrfent fa - volt limit | PWM P?wer
sl e
- Udc

Uge-
dc-ref Load

FIGURE 11.17 Base control structure.
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FIGURE 11.18 Switching vectors and definition of the no-switching intervals.

faster transients can be achieved. Full analysis of the closed-loop options is later
included.

According to this SVM method, any set of instantaneous three-phase voltages
can be obtained by switching the inverter between six active states defining the
six-step operation and the null states in order to approximate a uniform rotation
of the space vector corresponding to the three-phase input voltage system. Any
desired position of the space vector in the complex plane is calculated by
weighed addition of the neighboring switching vectors.

After the time intervals have been defined, there are several possibilities to dis-
tribute the active states over the sampling period. An interesting alternative does not
switch each device for 60° on each fundamental cycle. This has also been discussed
in Chapter 5 for generic PWM algorithms. As the input-phase current should be in
phase with the input-phase voltage, the 60° no-switching interval should be chosen
around the inverter-switching vectors (Figure 11.18). The main waveforms corre-
sponding to this operation are presented in Figure 11.19.

11.3 CLOSED-LOOP CURRENT CONTROL METHODS
11.3.1 INTRODUCTION

As shown in Figure 11.17, the most important module of the control system consists
of the closed-loop current controllers. The model of the system is expressed
by Equation (11.19) and PI controllers are considered on each axis. As Equation
(11.19) is different for each axis, different approaches to compensate the
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FIGURE 11.19 Waveforms characterizing the modulation with no-switching for 60° over a
fundamental cycle.

cross-coupling terms are considered. Such terms are considered within the following
module at the output of the PI current controller.

11.3.2 Pl Current Loor

The PI current loop should be designed mainly to compensate the load voltage pro-
duced by the boost inductance term of Equation (11.19). A schematic representation
is given in Figure 11.20.

S/H Transform+PWM

IRet

Kpwm

> Pl —P . sT,

1+ 8Ty 1+
2

KrL

1+ 5T, ‘

Load

FIGURE 11.20 Schematics of the PI control system.
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There are many methods to define the gains for the PI control and they are
reviewed in Chapter 8. A simplified approximation is given here based on the
boost circuitry parameters. The condition of unity gain of the closed-loop transfer
function leads, after some calculation, to the values of the PI gains:

« Gain of the integrative term

T T

k= ZKRLT - RL 7 (11.22)
R oK <Tx + S)

2
« Gain of the proportional term

T, T,

kp =% sT = : T (11.23)
“ ara(ne)

The concept of the vectorial control of three-phase power converters has already
been discussed in Chapter 5. The application to grid interface systems encounters
some limitations in the transient response performance due to limited voltage avail-
able across the boost inductance. A derivative of a direct application of the PI
control without any special compensation is that the transient response time for
input current step-up is shorter than the transient response time for the current
step-down and the latter can be bothersome in many cases.

11.3.3 TRANSIENT ResPONSE TIMES

On the basis of PI gains, one can calculate the minimum response time for step-up or
step-down transitions. As the resistive component is very small, the term R,; can be
even neglected. Owing to the largely inductive character of the load, a fast transient
of the active current can be achieved with a large voltage applied across the boost
inductance.

As the first equation in Equation (11.19) contains the E term, there are two
different cases for analysis depending on the sign of the current change:

« Step-up: In order to increase the active current (i), it is necessary to provide
the minimum available voltage across L, (Figure 11.21). The response time
will be small and it yields:

|Ai]

—————— 11.24
E+ Vo] (11:24)

ATy, ~ L
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WLiq

FIGURE 11.21 Equivalent circuits for d and g-axes.

« Step-down: In order to decrease the active current (i4), it is necessary to
provide the maximum available voltage across L,. The response time yields:

|Adl

ATdown ~ Lr N 1 -
|Vmax| —E

(11.25)

11.3.4 LIMITATION OF THE (Vg,Vq) VOLTAGES

It is easy to notice that different step-up and step-down time intervals are achieved
with a smaller value for the step-up transient time. The step reference to the PI con-
troller will have the tendency to force the output of the controller at a higher than
possible value. Usually, a software limitation block is included as presented in
Figure 11.22. This figure also illustrates the PI implementation in the context of
Equations (11.19). The cross-coupling terms and the E term are also included.
The cross-coupling terms are taken from the current feedback, but an alternative
would be the reference currents.

It is important to note that many implementation solutions of the PI control of the
grid interface converter use control systems similar to the motor control ones, without
the term E. The problem with such an approach is that the dynamic range at the output
of the PI controller is limited further by working with the voltage v component always
close to the E value. The digital range for voltage may also be close to the value of E
and the output of the PI controller may saturate digitally by reaching the end of its
range. Figure 11.23 shows results for the control structure defined with Figure 11.22.

A multitude of solutions is reported in the technical literature to overcome this
problem by artificially augmenting the voltage available to be applied across the
input boost inductor [12,13]. Observing Figure 11.21 and Equations (11.19) defines
two easy approaches to increase the maximum available voltage at the converter input:

« Using the cross-coupling terms

« Overlooking the PI outputs and applying all the maximum available voltage
during transients
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FIGURE 11.22 Schematic of the usual control with limitation.

11.3.5 MiNIMUM TIME CURReNT CONTROL

The minimum time current controller leads to excellent performance by finding the
optimal control voltage to track the reference current with minimum time based on
the optimal control theory. However, the applicability of this method is jeopardized
by the large computational burden. The minimum time current controller is very
similar to the following solution that will be discussed in more detail.

11.3.6 Cross-CouPLING TERMS

The cross-coupling term (wL,i,;) [13] of Equations (11.19) is used to increase the
voltage capability by increasing the ig-axis current during a step in the active
current i, In this case, the i, current is used to maximize the applied voltage on
the inductance L,. Pushing a high i, current while respecting i, + iz < Ijmax can
increase the term (wL,i,) and improve the voltage capability on the active current
(iy) axis. The unity power factor is given up during transients.

The increase in voltage can be expressed as:

Av oy (11.26)
VLim 0.61U; DC

Results for step-up and step-down transients of the active current while applying
the method shown in Figure 11.24 are shown in Figure 11.25.

Changing the i, current reference or working with current on the g axis requires
voltage to be applied on this axis (v,). As the maximum available voltage is at any
moment limited by the maximum radius of the space vector trajectory in the
complex plane, a voltage applied on the g-axis may reduce the maximum voltage
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FIGURE 11.23 Simple current controller with voltage limitation for L,= 2.5 mH,
R,=0.1Q, V4. =570V, E=220V, f=50Hz. (From Neacsu DO. IEEE International
Symposium on Industrial Electronics, Bled, Slovenia, July 1996, 12—14, pp. 527-553,

IEEE Paper 0-7803-5662-4/99. With permission.)
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FIGURE 11.24 Schematic of the control system using cross-coupling terms.

available on the d-axis, and this jeopardizes somewhat the merits of this method. For
this reason, an alternative is next analyzed by applying all voltage on the d-axis and
suspending temporarily the effect of the PI control at large current errors.

11.3.7 APPLICATION OF THE WHOLE AVAILABLE VOLTAGE ON THE d-AXIs

The limit of the maximum available voltage is generally expressed as
vi+vp = Vi, = (0.61Upc) (11.27)

When applying all the voltage on the d-axis, v; = Viim, v, = 0 and the g-axis
current is negative from Equations (11.19), this will further help to increase the
d-axis voltage.

Rewriting Equations (11.19) for the case presented in Figure 11.26 and neglect-
ing the voltage drop across the resistance in the boost circuitry yields:

di
E— Vi = L,% — wl,i,
" (11.28)
i
0=L —1+4 wL,i
ar T
Solving this system yields the solutions:
Vi im — .
i4(t) = I cos wt — L sin wt
wl,
(11.29)

Viim — E
ig(1) = —Iy sin ot + 2= (1 — cos wr)
wL,
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FIGURE 11.25 Current controller with d—g-axis cross-coupling for the case L, = 2.5 mH,
R, =0.1Q, Voc =570V, E=220V, f=50Hz. (From Neacsu DO, IEEE International
Symposium on Industrial Electronics, Bled, Slovenia, July 1996, 12—14, pp. 527-553,
IEEE Paper 0-7803-5662-4/99. With permission.)
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FIGURE 11.26 Control schematic for a system with application of the whole available
voltage on d-axis during transients.

The response time for a step-down transient from I, to — I, can be calculated by
imposing the condition i;(AT) = —I,. Figure 11.27 presents a theoretical response
without taking into consideration the sampling effect.

It is very interesting to note that a step-down current modification from 1, to —1,
brings i, back to zero, and this will not jeopardize the behavior of the i, current
controller when this is again engaged [11].

Figure 11.28 shows results for the application of the entire voltage on d-axis
during a transient. A comparison can be made between Figure 11.23 and
Figure 11.25. At larger values of the i, current, applying the whole available
voltage on the active current axis leads to better results. As discussed before, the
solution involving the cross-coupling terms requires some voltage on the g-axis to
form the current i, and the remaining voltage on the d-axis is reduced. Furthermore,
asking for step modifications in both axes can produce instabilities during and
following a transient.

11.3.8 SwitcH TaBLE AND HYsTERESIS CONTROL

Fast current transients can be achieved with hysteresis control instead of PI
control. Accounting for the symmetries within the three-phase systems, hyste-
resis control is considered for the two orthogonal (x,y) components of the grid
current.

A novel hysteresis method in the synchronous reference (d, ¢) is introduced in
Figure 11.29 and Table 11.2. The major advantage of this method, in comparison
with the conventional stationary reference for the hysteresis control, consists in its
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FIGURE 11.27 Theoretical response at i, current step-down (100 A to —100 A and 150 A to
—150A) for L,=2.5mH, R, =0, Vpc =570V, Vjjn = 0.61%Vpc, E=220V. (From
Neacsu DO. IEEE International Symposium on Industrial Electronics, Bled, Slovenia, July
1999, 12-14, pp. 527-553, IEEE Paper 0-7803-5662-4/99. With permission.)

simplified implementation in vector-control systems. Current double-level hyster-
esis control in (d, g)-axes produces logic signals (y4 y,) that can uniquely be con-
verted in (v4,v,) components of the voltage at the converter input. The sampling
frequency can also be limited. The switch table is employed to select the switching
vector closest to the coordinates (v, v,) resulting from this algorithm (Figure 11.30
and Figure 11.31). As an alternative, this method can be applied with or without
employing the cross-coupling terms. In a sense, this method is the equivalent of
direct torque control used for the AC machine drives.

11.3.9 PHAsSE CURRENT TRACKING METHODS

Single- and three-phase grid connected power converters can also be controlled in a
stationary reference frame directly employing phase or sinusoidal currents. The
current control system reduces to a PI controller with a sinusoidal reference
(Figure 11.32). Unfortunately, this type of system has been proven to introduce a
nonzero steady-state error. To mitigate this issue, a solution based on an internal
model principle [14] is discussed.

Let us consider a sinusoidal reference

i = Ig cos(wt) (11.30)
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FIGURE 11.28 Whole voltage on d-axis for the case L, = 2.5 mH, R, = 0.1Q, Vpc =570 V,
E =220V, f=50Hz. (From Neacsu DO. IEEE International Symposium on Industrial
Electronics, Bled, Slovenia, July 1996, 12—14, pp. 527-553, IEEE Paper 0-7803-5662-4/
99. With permission.)
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with the Laplace transform

IRS
I = 11.31
RO = (1131)
The Laplace transform for the error signal can be expressed as:
I I 1
Es) = RO Irs (11.32)

1+ Go(s) 52+ @} 1+ Go(s)

where Gy(s) represents the open-loop transfer function of the control system.

We would like to find the optimal form of the open-loop transfer function able to
cancel the effect of the two imaginary poles (+jwy) introduced by the sinusoidal
reference term. In this respect, the open-loop transfer function is written as a ratio

TABLE 11.2
Switching Table (6 Represents the Angle of the Grid Voltages)

Choose Closest Vector

Yd Yq Vd Vq to the Angle
-1 -1 + + 0+ /4

-1 0 + 0 0

-1 1 + - 0— /4

0 -1 0 + 0+ /2

0 0 0 0 Zero vector
0 1 0 - 60— m/2

1 -1 - + 0+3m/4

1 0 - 0 60—
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FIGURE 11.30 Switch table and hysteresis control for the case L, = 2.5 mH, R, = 0.1},
Vbc =570V, E=220V, f=50Hz. (From Neacsu DO. IEEE International Symposium
on Industrial Electronics, Bled, Slovenia, July 1996, 12—-14, pp. 527-553, IEEE Paper
0-7803-5662-4/99. With permission.)

of polynomials with real number coefficients.

No 1 D)
D(s)  1+Go(s) D(s)+N(s)

Go(s) = (11.33)

D(s) = 0 should have the same solutions (4 jw,) in order to cancel the effect of the
sinusoidal reference. Moreover, ( 4 jwg) should not be at the same time solutions of
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FIGURE 11.31 Switch table and hysteresis control using cross-coupling terms for the case
L.=25mH, R, =0.1Q, Vpc =570V, E=220V, f= 50 Hz. (From Neacsu DO. IEEE
International Symposium on Industrial Electronics, Bled, Slovenia, July 1996, 12-14,
pp. 527-553, IEEE Paper 0-7803-5662-4/99. With permission.)

N(s) = 0. This guarantees the elimination of the complex number solutions and the
reduction of the steady-state error to zero.

The implementation of this control method is shown in Figure 11.33. The
conventional PI regulator is enhanced by a term corresponding to the two imaginary
solutions (+jwg).
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FIGURE 11.32 Schematics of the PI control system.

The equivalent transfer function of the regulator becomes:

K; Kgs Kys[s* + o] + Ki[s* + &3] + K2
Gpis(s) = K, +— > =-F 0 ! 0 : 11.34
Pis(s) = Kp + s +s2 + } s[s? + @}] ( )

The open-loop transfer function is calculated as:

Go(s) = Gprs(s)Gmv(s)GLoap(s) (11.35)
F1(s)

Go(s) = [S2 T+ w%]Fz(s)

(11.36)

and

IRS 1 IRS

= 0 G146 " P + ko + Fio)

(11.37)

E(s) has no imaginary poles introduced by the sinusoidal reference. It can be
observed that (+jwy) are imaginary poles of Gy(s) as proposed by the new
control algorithm.

FIGURE 11.33 Block diagram of the compensated controller.
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11.4 GRID SYNCHRONIZATION

Grid-connected power converters are seen as a current source by the grid while the
input voltages are defined by the grid. This implies a synchronization of the PWM
pattern with the phase of the grid in order to control the power factor. There are
different methods based on a PLL circuit that are used to achieve grid
synchronization.

The simplest solution used to synchronize the control of a single-phase grid-
connected power converter consists in a zero-crossing detector followed by a
counter circuit (Figure 11.34).

The grid voltage is sensed before any filter associated with the power converter
and reduced to a lower level with a signal transformer or resistive divider. The
resulting signal is compared against a threshold device, such as the base-emitter
junction of a bipolar transistor or an IC comparator. This provides a logic signal cor-
responding to the alternating of the grid voltage. There are several sources of errors
in this detection, including the noise in the line voltage due to unfiltered switching,
dispersion and temperature variations of the threshold level, or delay in detecting the
exact zero-crossing moment. However, these errors are generally smaller than the
quantization step of the digital system.

The edges of the detected logic signal reset a digital counter that accounts for the
phase coordinate of the PWM pattern. Improved systems include a phase-locked
loop configuration able to filter unwanted small variations in the detecting
process. This helps eliminating the jitter around the zero-crossing moments.

Let us consider a synchronization scheme based on a PLL circuit. A generic PLL
circuit schematic is shown in Figure 11.35 and it is composed of a voltage-controlled
oscillator (VCO) working at a frequency multiple of N times the detected frequency.
In power converters, it makes sense to select the VCO frequency equal to the
sampling frequency of the PWM pattern (Figure 11.36). The resulting train of
pulses is divided by N resulting in a logic signal with a frequency comparable

FIGURE 11.34 Principle of a simple synchronization circuit.
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FIGURE 11.35 Principle of a PLL circuit.

with the sensed voltage. A phase detector compares the phase of the sensed and feed-
back voltages and it increases or decreases the control voltage accordingly. This
control voltage is used as a reference for the VCO that modifies its frequency
based on the phase difference. The goal of this closed-loop approach is to align
the sensed signal with the generated one. If the frequency or phase of the sensed
signal varies for any reason, this control loop acts as a filter and the feedback
signal does not jitter. The feedback signal can further be used as a reference for
the generation of the PWM pattern. Usually, the same counter is used both for
closing the PLL loop and for counting the angular coordinate of the PWM pattern.

The major problem people face when implementing this PLL control in single-
phase systems relates to the limited number of PWM cycles within one grid period.
The discrete nature of the PWM-generation process limits the possibility of adjust-
ing properly the controller phase. For instance, a converter with a 9 kHz switching
frequency allows for 150 steps in the phase coordinate. The decision of the feedback
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\—I

]
V%%"%%"%%
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FIGURE 11.36 Principle of a simple synchronization circuit.
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loop can only be to adjust the phase by +1 PWM pulse at a time. The effect is a
possible step in the filtered voltage at each zero crossing when the phase is abruptly
reset to zero. An alternative consists in using asynchronous PWM generators, but
they do not guarantee the best harmonic content of the grid current. However,
evolved systems can afford to work with asynchronous PWM that allows a noninte-
ger ratio of switching and grid frequencies.

The PLL function can be implemented with dedicated analog or digital ICs or a
proper software routine in the microcontroller or digital signal processor (DSP)
control system. The frequency of the main signal is 50 or 60 Hz, which is very
low compared to the performance of modern digital controllers. Therefore, a micro-
controller implementation requires a zero crossing detector with direct interface to
the digital hardware, a timer/counter counting with the clock frequency of the PWM
sampling frequency, and a software routine running at the same sampling frequency.

Grid synchronization for three-phase converters benefit from multiple zero
crossings and the symmetry of a grid generated three-phase system. The detection
module includes zero-crossing detection for all three phases, and this results in a
signal with a frequency six times larger than the grid frequency. The PLL circuit
can therefore provide more resolution with a much finer tuning of the detected
frequency.

Again the implementation can be achieved with analog or digital PLL ICs or
with a software routine in the digital controller system.

11.6 PROBLEMS

P.11.1 Calculate the average and RMS values for the output voltage of rectifier
systems shown in Table 11.1.

P.11.2 What is the effect of a line or grid inductance in the commutation process
of the converter shown in Figure 11.2.

P.11.3 Draw the switching pattern of the GTO devices of Figure 11.3c to obtain
the output voltage waveforms shown for both cases. How would you define the
semiconductor loss for both control methods?

P.11.4 Consider the two topologies shown in Figure 11.7. What happens if the
intermediate DC capacitor is missing? What should be the minimum value of this
capacitor to maintain the operation as desired?

P.11.5 Compare the rating of the rectifier diodes in both solutions of Figure 11.8.

P.11.6 Compare the input filter-capacitor rating for the two solutions shown in
Figure 11.10.

P.11.7 Following the example provided by Equation (11.3) through Equation
(11.13), calculate the shapes of the current in the much simpler case of a single-
phase converter and justify the second harmonic injection.

P.11.8 Compare the ratings of the IGBT devices used in building the power
converters shown in Figure 11.10 and Figure 11.16, respectively, for the same
grid-and-load conditions (say, 2 kW with a 120 V/60 Hz grid).

P.11.9 What are the drawbacks of neglecting the term E in the control system
shown in Figure 11.22? Many people adapt their DSP control software from a
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motor drive application to a grid-connected converter without adding up this term.
The system apparently works, but at what risk? Can you complete this response with
an imaginary example?

P.11.10 Determine the reasoning behind the switching sequence shown in
Table 11.2 by using a vector diagram for both current and voltage.

P.11.11 Usually, practical systems of single-phase tracking control do not com-
pensate for the sinusoidal reference. The system apparently works, but at what risk?
Can you complete this response with an imaginary example?

P.11.12 Consider a single-phase grid-connected converter switched at 3.6 kHz,
that is, a frequency ratio of 30. If the PWM generator maintains the synchronization
between the generated PWM pattern and zero crossing, how big can be the steps in
filtered voltage (or in the voltage reference for the PWM) at each zero crossing
reset?
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