
4226 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 6, JUNE 2016

Control and Modulation of Bidirectional
Single-Phase AC–DC Three-Phase-Leg SPWM
Converters With Active Power Decoupling and

Minimal Storage Capacitance
Hao Wu, Student Member, IEEE, Siu-Chung Wong, Senior Member, IEEE, Chi K. Tse, Fellow, IEEE,

and Qianhong Chen, Member, IEEE

Abstract—In a single-phase grid-connected nanogrid system, a
bidirectional ac–dc converter is usually required to transfer en-
ergy between the ac grid and a dc bus. Active ac power balancing
is often implemented to prevent the ac grid ripple power from
injecting into the dc bus. A four-phase-leg sinusoidal pulsewidth-
modulation (SPWM) converter can readily provide power factor
correction and active ac power balancing. In this paper, the use of
three-phase-leg SPWM converters for achieving these functions is
analyzed. A family of bidirectional single-phase ac–dc three-phase-
leg SPWM converters with an ac storage capacitor for use in a
nanogrid system is designed with a general control structure and a
modulation scheme for minimizing the ac storage capacitance. The
general control structure is designed to achieve a decoupled sys-
tem of a power-factor-correction converter cascaded with an active
ac power load at the dc bus. The decoupled system is developed
based on decomposition to differential-mode and common-mode
voltages. The modulation method involves an extra zero-sequence
voltage injection derived from the three-phase-leg SPWM voltages
without introducing higher order harmonic distortions. A signifi-
cant reduction of the ac storage capacitance and an improvement
of converter efficiency are achieved. The design and analysis are
verified by simulations and experimental measurements.

Index Terms—AC–DC bus converter, ac storage capacitor, dc bus
light-emitting-diode (LED) lighting, single-phase inverter, single-
phase rectifier.

I. INTRODUCTION

MULTIFUNCTION converters with high efficiency, small
size, low cost, and long lifetime are often needed to

convert energy from one electrical form to another, i.e., ac–dc,
dc–ac, dc–dc, ac–ac. A converter with functions of power factor
correction at the ac port and second-order harmonic ripple power
elimination at the dc bus is one example of such multifunc-
tion converters for single-phase ac–dc and dc–ac applications
[1]–[6]. The design of power-factor-correction converters has
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been well established. Recently, it is found that the second-order
harmonic ac power will manifest as a second-order harmonic ac
ripple voltage superimposed on the dc bus. The ac power ripple
in the dc bus will cause visible flickers in light-emitting-diode
(LED) lighting [7]–[10], deteriorate the maximum-power-point-
tracking (MPPT) performance of module-integrated inverters
[11]–[14] in photovoltaic (PV) systems, create thermal prob-
lems in fuel cell power conditioning systems [15], produce beat
components in the motor current of ac-fed railway traction drives
[16], [17], complicate the operation of converters implemented
with power sharing based on droop V–I characteristics, and cause
overheating to battery storage [5], [6].

Techniques for eliminating second-order harmonic ripple
power at the dc bus include bulky passive methods [18], as well
as active methods [17], [19]–[25], of which the active meth-
ods with ac capacitive storage provide solutions with smaller
size and better second-order harmonic ripple power elimina-
tion. Among the active methods, the three-phase-leg ac–dc
pulsewidth-modulation (PWM) converter is a natural evolution
of the four-phase-leg ac–dc PWM converter [26], resulting in
higher efficiency, smaller size, lower cost, and longer lifetime.
The space-vector PWM (SVPWM) three-phase-leg converter
has been designed for optimized storage capacitance, but might
suffer from higher order harmonic distortions [27]. Moreover,
the two-phase-leg design might suffer from higher voltage stress
than the dc bus voltage on main switches and with less room for
optimizing storage capacitance [28].

In this paper, a family of three-phase-leg bidirectional ac–dc
sinusoidal PWM (SPWM) converters will first be reviewed in
Section II. A general control method for the family of converters
will be developed in Section III to achieve unity power factor
and second-order harmonic ripple power compensation. A mod-
ulation technique will be developed in Section IV for reducing
the storage capacitance and improving the operating efficiency.
In Section V, an example design of the bidirectional ac–dc con-
verter will be described. The performance of the converter will
be verified by simulations and experiments in Section V. Finally,
Section VI concludes this paper.

II. POWER ANALYSIS AND CONVERTER DESIGN

An ac–dc power converter can be considered as a three-
port network, as shown in Fig. 1(a). The instantaneous power



WU et al.: CONTROL AND MODULATION OF BIDIRECTIONAL SINGLE-PHASE AC–DC THREE-PHASE-LEG SPWM CONVERTERS 4227

Fig. 1. Single-phase ac–dc converter with active power decoupling. (a) Three-
port network; (b) four-phase-leg ac–dc SPWM converter.

measured at the ac port is composed of an averaged dc power
and an ac ripple power. The averaged dc power is balanced by
the dc power from the dc port, while the ac ripple power is
buffered by an internal power storage device connected to the
internal port of the power converter. As discussed in Section I,
an ac capacitor Cs is used as the internal storage of the power
converter. In this section, the decoupling of the averaged dc
power and the ac ripple power will be described. A family of
three-leg topologies will be presented for the realization of the
three-port network.

A. Power Decoupling

The ac grid voltage is assumed to be sinusoidal with an an-
gular frequency ω. From Fig. 1(a), the grid voltage vgrid and
current igrid can be written as

vgrid = Vgrid sin ωt, and (1)

igrid = Im sinωt (2)

where the value of Im can be positive for inverter mode or
negative for rectifier mode of operation.

Using (1) and (2), the instantaneous power delivered to the
ac port is given by

pgrid = vgridigrid =
1
2
VgridIm − 1

2
VgridIm cos 2ωt (3)

which is simply a summation of an averaged dc power pavg and
a second-order harmonic ac power pg 2ω given by

pavg =
1
2
VgridIm , and (4)

pg 2ω = −1
2
VgridIm cos 2ωt. (5)

The ac power pg 2ω is sinusoidal, varying at twice the grid fre-
quency. This ac power should be compensated internally by pCs

of the converter. The three-port network is composed of active
switches and some filtering inductors for removing the switch-
ing ripple. Assuming that the three-port network is lossless, the
power balance condition can be written as

pCs
= −pg 2ω −

∑
pL =

1
2
VgridIm cos 2ωt −

∑
pL (6)

where
∑

pL is the sum of power from every switching ripple
filtering inductor within the three-port network.

B. Converter Design

Using the information of the decoupled power in (6), an ini-
tial design can be obtained as shown in Fig. 1(b), where two
H-bridge legs A and B of the converter are responsible for ac-
tive power factor correction, and two other H-bridge legs C and
D are responsible for the ac power balancing [26]. This four-
H-bridge-leg converter can be considered as an integration of
two independent converters connected at the common dc bus.
The popular dual-loop control of the rectifier can be readily em-
ployed for active power factor correction. According to (6), the
circuit with H-bridge legs C and D responsible for ac power
balancing can be considered as an ac power load varying at
double-line frequency connected at the dc bus. The two con-
verters are stable as far as the first converter with active power
factor correction has a response much slower than the double
line frequency. Essentially, pCs

can be assigned as either iCs
vCs

or (−iCs
)(−vCs

). Apparently, it is possible to combine two H-
bridge legs into a common H-bridge leg as long as the original
quantities vgrid , igrid , vCs

and iCs
are maintained. The resulting

converter is shown in Fig. 2, where H-bridge leg D is removed
and its function is shared by H-bridge leg B. The H-bridge leg
B must satisfy −iB = igrid − iCs

. Alternatively, the condition
−iB = igrid + iCs

corresponds to the case where H-bridge leg
C is removed and its function is shared by H-bridge leg B. For
a given pCs

, the same amount of compensated power can be
achieved with two possible choices of vCs

. It will be shown in
Section III-B that one particular choice of vCs

gives less loss.
Furthermore, since one of the three H-bridge legs can be

assigned as a common terminal, its filtering inductor may appear
to be redundant and may be removed from the converter. A
family of converters can be derived as shown in Fig. 2, of which
the converter with Filter III has been thoroughly studied [17].
Among the converters in Fig. 2, the converter with three filtering
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Fig. 2. Family of three-leg ac–dc converters with (a) Filter I: three filtering
inductors, (b) Filter II: L1 = 0, (c) Filter III: L2 = 0, and (d) Filter IV: L3 = 0.

inductors is robust for some adaptive power applications by
paralleling a number of converters [29]. Moreover, due to the
sharing of an H-bridge leg, the control functions of active power
correction and ac power balancing might be coupled. Hence, a
general control structure applicable to the family of converters
becomes necessary. In the following section, a general control
structure will be developed for the converter with three filtering
inductors. A general decoupled current control will be developed
subsequently for the family of converters.

III. CONVERTER CONTROL

A. Control Structure

For the family of converters shown in Fig. 2, a general con-
trol structure can be designed to realize two control functions, as
given in Fig. 3. The first function aims to control the averaged dc
bus voltage and maintains unity power factor at the ac port. This
control is readily designed with the usual dual-loop structure.
For the outer dc bus voltage loop, Im is the output of the con-
troller, and sin θ is generated by a phase-locked loop module.
The product Im sin θ is the reference of the grid current. The
inverter or rectifier mode of operation is determined by the out-
put of a proportional-integral controller with input error voltage
Vdc ref − Vdc . As discussed in Section II-B, this control should
have a response much slower than the double-line frequency.

The second control function is ac power balancing, which
minimizes the dc bus ripple voltage. As discussed in Section II-
B, this function should not interfere with the control of the
first function. The power of the ac capacitor Cs is regulated
according to the power at the ac port calculated from Im by
(6). In [17], the dc bus voltage ripple is required by a closed-
loop control to regulate the dc bus ripple voltage. However,
the dc bus ripple voltage can be distorted by other converters,
making tight control unreliable. Moreover, the control in [17]
is not applicable to the converter with Filter I shown in Fig. 2,
where the second control function would interfere with the first

control function of power factor correction through the three
filtering inductors. We will explain this in Section III-C. In
this paper, using a proper control voltage transformation, the
coupling of the second control function with the first control
function can be eliminated. Thus, the widely employed power-
factor-correction control structure can be adopted. The power-
factor-correction control structure is labeled as “Function 1” in
Fig. 3. Also, as shown in Fig. 3, the ac power pCs

is controlled by
a real-time generated reference voltage vCs ref . An inner current
loop is used to reduce the order of the control system. As the
inner current loop is much faster than the outer voltage loop,
the capacitor voltage can be regarded as a voltage source for the
inner current loop. The voltage at the ac port, the voltage at the
internal port, and the modulated voltages of the H-bridges can
be found from an unbalanced three-phase system, as shown in
Fig. 4(a).

In Fig. 3, there might have cross couplings of the two-input
two-output “two-phase current control” subsystem that may
make the control difficult. A general decoupled current con-
trol method will be developed for the two-phase current control
subsystem, as given in Section III-C.

B. AC Storage Capacitor Reference Voltage

The amount of power pCs
injected into Cs , as given in (6),

can be determined from its voltage, which is given as

vCs
= a · sinωt + b · cos ωt (7)

where parameters a and b are to be determined. The correspond-
ing capacitor current is calculated as

iCs
= Cs

dvCs

dt
= X−1

Cs
b · sinωt − X−1

Cs
a · cos ωt (8)

where XCs
= − 1

ωCs
. Therefore

pCs
= vCs

iCs
= PC sin 2ω sin 2ωt + PC cos 2ω cos 2ωt (9)

where

PC sin 2ω = −0.5X−1
Cs

(
a2 − b2) , and (10)

PC cos 2ω = −X−1
Cs

ab. (11)

The ac power stored in all filtering inductors, i.e.,
∑

pL in
(6), can be calculated as

∑
pL = pL1 + pL2 + pL3

= igrid · L1
digrid

dt
+ iB L2

diB
dt

+ iCs
L3

diCs

dt

= PL sin 2ω · sin 2ωt + PL cos 2ω · cos 2ωt (12)
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Fig. 3. General control structure, where θ = ωt.

Fig. 4. Three-phase unbalanced model for the development of a dual-loop
current control.

where

PL sin 2ω =
1
2

(XL1 + XL2) I2
m −

(XL2 + XL3)
(
a2 − b2

)

2X2
Cs

− XL2

XCs

Im b (13)

PL cos 2ω = XL2X
−1
Cs

Im a − X−2
Cs

(XL2 + XL3) ab (14)

XLx = ωLx , for x = 1, 2, 3, and (15)

igrid(t) = Im sin ωt. (16)

Applying Kirchhoff’s current law at node P of Fig. 4(a), we get

iB = iCs
− igrid

=
(
X−1

Cs
b − Im

)
sin ωt − X−1

Cs
a cos ωt. (17)

Then, substituting (9) and (12) into (6), we have

(PL sin 2ω + PC sin 2ω ) · sin 2ωt

+
(

PL cos 2ω + PC cos 2ω − 1
2
VgridIm

)
· cos 2ωt = 0.

(18)

In order that (18) holds for all t, the coefficients of (18) must be
zero. We have

PL sin 2ω + PC sin 2ω = 0, and (19)

PL cos 2ω + PC cos 2ω =
1
2
VgridIm . (20)

Solving (19) and (20) for a and b, we have

a = ±
√

K1I2
m +

√
K2I4

m + K3V 2
gridI2

m , and (21)

b =
XL2XCs

Im

λX
−

X2
Cs

VgridIm

2aλX
(22)

where

K1 =
(XL1 + XL2) λX − X2

L2

2λ2
X

X2
Cs

(23)

K2 =
[
(XL1 + XL2) λX − X2

L2
]2 X4

Cs

4λ4
X

(24)

K3 =
X4

Cs

4λ2
X

, and (25)

λX = XL2 + XL3 + XCs
. (26)

Substituting (21) and (22) into (8), the amplitude ICs
of iCs

can be calculated as

ICs
=

√
X−2

Cs
(b2 + a2) =

∣∣X−1
Cs

∣∣ √
mCs

+ nCs
· a−1 (27)
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where

mCs
=

(
XL2XCs

Im

λX

)2

+

(
X2

Cs
VgridIm

2aλX

)2

+ a2 > 0, and

(28)

nCs
= −

XL2X
3
Cs

I2
m Vgrid

λ2
X

> 0. (29)

It is observed that the solution with a < 0 gives a smaller ICs
.

Similarly, substituting (21) and (22) into (17), the amplitude IB

of iB is calculated as

IB =
√(

X−1
Cs

b − Im

)2 +
(
X−1

Cs
a
)2

=
√

miB
· I2

m + niB
· a−1

(30)

where

miB
=

(
XL2 − λX

λX

)2

I2
m +

(
0.5XCs

Vgrid

λX
a−1

)2

I2
m

+
(
X−1

Cs
a
)2

I2
m > 0, and (31)

niB
=

(XL3 + XCs
) XCs

λ2
X

Vgrid . (32)

In this family of converters, the energy stored in the ac capacitor
Cs is much larger than that stored in L3 . Thus, XL3 + XCs

< 0,
and niB

> 0. Hence, we arrive at the same conclusion that a
negative a gives a smaller IB .

It is obvious that the zero-ripple power at dc port can be re-
alized with the two different target capacitor reference voltages
given by (7), (21), and (22). However, the vCs

with a negative
value in (21) is selected for lower RMS values of iCs

and iB ,
which will result in a smaller loss [28].

C. Decoupled Current Control

The circuit with Filter I in Fig. 2 can be modeled as a three-
phase unbalanced circuit, as shown in Fig. 4(a), where O′ is the
midpoint voltage of the dc bus, and vAO ′ , vBO ′ , and vC O ′ are
the averaged voltages modulated by the SPWM method. The
model in Fig. 4(a) can be replaced by the equivalent model of
Fig. 4(b) by relocating the voltage sources vgrid and vCs

.
The voltages vX Y and vZY shown in Fig. 4(b) can be selected

as control variables for controlling igrid and iCs
. Applying su-

perposition, the circuit equations become

Igrid (s) =
L2 + L3

sLΔ
VX Y (s) − L2

sLΔ
VZY (s) , and (33)

ICs
(s) =

L2

sLΔ
VX Y (s) − L1 + L2

sLΔ
VZY (s) (34)

where

LΔ = L1L2 + L1L3 + L2L3 . (35)

Thus, (33) and (34) are coupled if L2 �= 0, making the control
difficult.

In this paper, a general decoupled current control is pro-
posed based on decomposing vX Y and vZY to their common-
mode voltage vcm and differential-mode voltage vdm, as shown

Fig. 5. Model for decoupled control. (a) Common-mode operation, (b)
differential-mode operation, where k = L2 /(L2 + L3 ).

in Fig. 5. The decomposition is given by

vcm − kvdm = vX Y = vAO ′ − vBO ′ − vgrid and (36)

vdm = vY Z = vBO ′ − vC O ′ − vCs
. (37)

Likewise, the currents can be written with their common-mode
and differential-mode components as

igrid = igrid cm + igrid dm and (38)

iCs
= iCs cm + iCs dm. (39)

In Fig. 5(b), if the coefficient k in (36) is defined as

k =
L2

L2 + L3
(40)

then we always have

Igrid dm (s) = 0. (41)

Hence, the control law in terms of vcm and vdm is

Igrid (s) = Igrid cm (s) =
L2 + L3

sLΔ
Vcm (s) and

ICs
(s) = ICs cm (s) + ICs dm (s) (42)

=
L2

sLΔ
Vcm (s) +

1
s (L2 + L3)

Vdm (s) . (43)

The control structure is shown as the “two-phase current con-
trol” subsystem in Fig. 3. Here, the active power factor control
is decoupled from the ac power balancing. As a result, the two
control functions can be considered as being connected in cas-
cade, and the second control function block can be considered
as an ac power load connected at the dc bus of a bidirectional
rectifier with ordinary active power factor control. Thus, the
design of the control parameters can be greatly simplified.
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Fig. 6. Vector diagrams of the traditional modulation strategy. (a) Rectifier
mode, (b) inverter mode.

IV. MODULATION FOR MINIMAL AC STORAGE CAPACITANCE

In the aforedescribed control, variables vcm and vdm are
calculated and transformed to vAO ′ , vBO ′ , and vC O ′ for
SPWM, which is linear when the modulated voltage is within
± 1

2 Vdc . In this section, a novel linear modulation for maxi-
mizing vCs

leading to minimal ac storage capacitance will be
developed.

A. Modulation With Optimized DC Utilization of vCs

The modulated voltages vAO ′ and vBO ′ are of equal magni-
tude and opposite phase [17], as shown in Fig. 6, i.e.

vAO ′ = −vBO ′ (44)

which is widely used in analyzing some single-phase full-bridge
converters. Applying this modulation method to the family of
converters of Fig. 2, and solving (36), (37), and (44), the three
modulated voltages can be found as

vAO ′ = 0.5vcm − 0.5kvdm + 0.5vgrid

= mA · 1
2
Vdc sin (ωt + ϕA ) (45)

vBO ′ = −0.5vcm + 0.5kvdm − 0.5vgrid

= mB · 1
2
Vdc sin (ωt + ϕB ) , and (46)

vC O ′ = −0.5vcm + (0.5k − 1) vdm − 0.5vgrid − vCs

= mC · 1
2
Vdc sin (ωt + ϕC ) (47)

where mx ≤ 1 (x = A,B, and C) is a modulation index for leg
x. Voltage Vdc (≥ Vgrid ) is normally designed within a range
(Vdc min , Vdc max) according to some specifications such as the
voltage range for droop control of power within a nanogrid
system.

According to the analysis presented in Section III-B, vCs
that

gives less loss is chosen for the required power compensation.
For simplicity, the ripple filtering inductors L1 , L2 , and L3 are
ignored in this analysis. Therefore, using (21) and (22), we have

vCs
= −

√
0.5 |VgridIm XCs

| sinωt

− sgn (Im )
√

0.5 |VgridIm XCs
| cos ωt.

(48)

It is noted that the time-domain quantity a sin ωt + b cos ωt
has a phasor equivalence. Using Euler’s equation, i.e., sinωt =
�(ejωt) and cos ωt = �(jejωt), we have

a sin ωt + b cos ωt = �[(a + jb)ejωt ] (49)

which gives a one-to-one correspondence to phasor a + jb.
Hence, vCs

in (48) can be written in phasor form as V̇Cs
= a +

jb = −
√

0.5 |VgridIm XCs
| − j sgn (Im )

√
0.5 |VgridIm XCs

|
to facilitate the development of the vector diagram. Accordingly,
V̇AB = V̇grid = Vgrid + j0, V̇BC = V̇Cs

and ∠V̇BC = +3
4 π or

− 3
4 π. The voltage relationships are shown in Fig. 6, where O′ is

the center of circles having diameters Vgrid and Vdc , as given in
(45)–(47). According to the vector directions shown in Fig. 6,
point C should be sliding along line BN making an angle of
± 3

4 π to line AB. Points A, B, and C are confined within the
circle centered at O′ with radius 1

2 Vdc due to mx ≤ 1. In the
steady state, we have

|V̇AB | = Vgrid , and (50)

VCs
= |V̇BC | ≤ |V̇BN | =

√
2

4
Vgrid +

1
2

√
V 2

dc −
1
2
V 2

grid .

(51)

However, VCs
has not been maximized, as will be shown later.
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Fig. 7. Vector diagrams of the proposed modulation strategy with Vgrid <

Vdc ≤
√

2Vgrid for (a) rectifier mode and (b) inverter mode.

As increasing |V̇BC | will give a smaller Cs , in this paper, a
modulation objective of maximizing vBC will be adopted. With
a maximized vCs

, Cs can be minimized for the same amount of
charge-storage capability. Specifically, a “zero-sequence” volt-
age V̇zero will be added to separate the centers of the two circles
of diameters Vgrid and Vdc , as shown in Figs. 7 and 8.

In Fig. 7, we have Vgrid ≤ Vdc ≤
√

2Vgrid . Voltages V̇AO ′

and V̇BO ′ are modulated with unity modulation index. Since
Vdc ≥ Vgrid , point O′ can be assigned to move along the line of
bisection EF perpendicular to line AB. The maximum value

Fig. 8. Vector diagrams of the proposed modulation strategy with Vdc >√
2Vgrid for (a) rectifier mode and (b) inverter mode.

of |vC O ′ | can be designed equal to |vAO ′ | = |vBO ′ |, i.e., point
C can be designed to overlap point N such that

max (VCs
) = |V̇BN | = Vdc cos

(
π

4
− arccos

Vgrid

Vdc

)
. (52)

In Fig. 8, we have Vdc >
√

2Vgrid and point O′ deviates from
line EF . Only V̇BO ′ can be modulated with unity modulation
index. Point O′ moves along MN . Although the modulation
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Fig. 9. Comparison of achievable max (VC s ) using the four-phase-leg con-
verter [26], the three-phase-leg converter without vzero [17], the three-phase-leg
converter with vzero developed in this paper and the two-phase-leg converter
[28].

index of V̇AO ′ is below one, the maximum value of |vC O ′ | can
be designed equal to |vBO ′ |, i.e., point C can be designed to
overlap point N such that

max (VCs
) = |V̇BN | = Vdc . (53)

A comparison of max(VCs
) using these two modulation tech-

niques, i.e., (51)–(53), is shown in Fig. 9, where the converter
is operated at Vgrid = 110

√
2 V and 110

√
2 ≤ Vdc ≤ 355 V. In

the proposed modulation, (52) is used for Vdc ≤
√

2Vgrid = 220
V and (53) is used for Vdc >

√
2Vgrid = 220 V. Also shown in

Fig. 9 are values of the modulated max(VCs
) for the four-

phase-leg ac–dc SPWM converter shown in Fig. 1(b)[26] and
the two-phase-leg ac–dc SPWM converter [28], where the two-
leg design must have Vdc > 2Vgrid as O′ is restricted near point
B at light load condition, as shown in Figs. 7 and 8. With a
much higher max (VCs

), the capacitance Cs will be designed
smaller in Section IV-B.

In the time domain, voltage vzero can be designed at minimum
dc bus voltage Vdc min , i.e.

vzero =
1
2
Vdc min sin (ωt + ϕB ) +

1
2
Vgrid sin ωt (54)

where ϕB = −sgn(Im ) · [π
2 + arcsin( Vg r id

Vd c m in
)] if Vgrid <

Vdc min ≤
√

2Vgrid , or ϕB = −sgn (Im ) · 3
4 π if Vdc min >√

2Vgrid .
Eventually, the modulated voltages are modified by adding

vzero to (45)–(47), i.e.

vAO ′ = (0.5vcm − 0.5kvdm + 0.5vgrid) + vzero (55)

vBO ′ = (−0.5vcm + 0.5kvdm − 0.5vgrid) + vzero , and (56)

vC O ′ = [−0.5vcm + (0.5k − 1) vdm − 0.5vgrid − vCs
]

+ vzero . (57)

TABLE I
MAIN PARAMETERS OF AN AC–DC BUS CONVERTER

Grid Input Voltage vg r id 110 VAC
Grid Frequency f 50 Hz
DC Bus Voltage Vd c 220 V
DC Bus Capacitor Cd c 200 μF
Switching Frequency fs 20 kHz
Maximum Power Capacity Sm a x 550 VA
Filter Inductor L1 4 mH
Filter Inductor L2 4 mH
Filter Inductor L3 0 mH
AC capacitor Cs 144.7 μF
IPM Module FSBB30CH60C
DSP Controller MC56F84789

Fig. 10. Comparison of achievable min (Cs ) using the four-phase-leg con-
verter[26], the three-phase-leg converter without vzero [17], the three-phase-leg
converter with vzero developed in this paper and the two-phase-leg converter
[28].

B. Comparison on AC Storage Capacitance

According to (48), we have

Cs =
Vgrid

Igrid
ωV 2

Cs
=

2|pgrid |
ωV 2

Cs

. (58)

The minimum ac storage capacitance should be designed at the
maximum power point. For a given maximum power, if VCs

can
be higher, smaller capacitance can be employed. Thus

Cs min =
2|pgrid max |
ωV 2

Cs max
. (59)

As an illustrative example, a converter is operating with
the parameters shown in Table I and designed with 110

√
2 ≤

Vdc min ≤ 355 V, as described in Section IV and (51) and (52). A
comparison of the ac storage capacitance of the two modulation
schemes is shown in Fig. 10. A reduction of 42.8% capacitance
value from 243.9 to 139.4 μF can be observed for the converter
designed at Vdc min = 170 V. For this converter, a 144.7-μF ac
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Fig. 11. Plots of ε for the family of converters at a grid power of 550 W (a)
versus Cs with Lf = 4 mH and (b) versus Lf with Cs = 144.7 μF.

film capacitor can be chosen for Cs . Also shown in Fig. 10 for
comparison are values of Cs min of the four-phase-leg converter
[26] and the two-phase-leg converter [28].

V. EVALUATION

According to (6), the switching-frequency ripple-filtering in-
ductors have contributions to the compensation of second-order
harmonic ac power from the grid input. The amount of power
compensated by the storage capacitor can be measured by a
scalar ε defined as

ε =
PCs

Pg 2ω
=

√
P 2

C sin 2ω + P 2
C cos 2ω

|0.5VgridIm | (60)

where PCs
and Pg 2ω are the amplitudes of powers stored in

the capacitor and the second-order harmonic ac power from the
grid input, respectively.

Using the analytical result developed in Section III-B, ε is
plotted in Fig. 11 for the family of converters at a grid voltage
of 110 V and power of 550 W. The results for the rectifier and

inverter modes of operation are the same. Since L3 and Cs are
connected in series, pL3 is always in a reversed direction to pCs

.
Thus, part of pCs

will be compensated by pL3 . As a result, the
converter without L3 always has the minimum value of ε, and
hence, the smallest ac capacitor Cs .

We have performed simulations for each member converter
of the family using the general control described in Section III
and the modulation scheme in Section IV. The results show ex-
cellent performance. To achieve the smallest ac capacitor Cs ,
the converter without L3 is chosen for verification of the analy-
sis presented in this paper. The main components are shown in
Table I. The ac capacitor has a value of 144.7 μF, as explained
in Section IV-B. The dc capacitance can be determined from
consideration of energy difference, i.e., Cdc = 2ΔP ·ΔTh

V 2
d c r e f −V 2

d c , m in
,

where ΔP is the output power change within ΔTh , ΔTh is the
required holdup time and Vdc,min is the minimum dc bus volt-
age. Thus, substituting practical data of the prototype converter,
the capacitance is found as Cdc = 2·250 W ·10 ms

(220 V)2 −(170 V)2 = 256 μF.
As Cdc also possesses ac–dc power balancing capability, we
use Cdc = 200 μF in order to have a better visualization of the
residual voltage ripple resulting from the error due to power
balancing of the ac capacitor Cs . The control algorithm is im-
plemented using Table I. The circuit shown in Fig. 12 is also
implemented using a MATLAB model for verification purposes.
The experimental prototype is implemented with a digital con-
troller (MC56F84789) and an IPM module (FSBB30CH60C).

A. Hardware Realization

A converter without L3 is constructed based on the block dia-
gram shown in Fig. 12 for experimental verification of the anal-
ysis developed in this paper. A general description of the func-
tional blocks has been given in Section III. In this section, we
will focus on the detailed hardware implementation. A practical
implementation of the control described in Fig. 12 is shown in
Fig. 13, where inductor parasitic resistors with R1 = R2 = 0.1
Ω are included. The current controllers Gv1 and Gv2 for igrid
and iCs

inside the functional block “Main Control Algorithm”
of Fig. 12 is redrawn in the s-domain, as shown in Fig. 13(a). In
Fig. 12, output signals vcm and vdm are sent to the “Modulation”
block to calculate the three-phase-leg reference voltages based
on the model given in Fig. 5. The reference voltages are com-
pared with a common triangular carrier of frequency fs , which
generates the corresponding PWM signals for driving switches
S1–S6 . These SPWM modulated voltages at the three-phase
legs are connected through the filtering inductors L1 and L2 .
The averaged three-phase-leg voltages can be regarded as the
equivalent common-mode and differential-mode voltages vcm

and vdm, as illustrated in Fig. 5 with L3 = 0. In Fig. 5, vcm is con-
nected across L1 to generate igrid , and vdm is connected across
L2 to generate iB . Thus, in the s-domain, igrid = vcm

1
sL1 +R1

and iB = vdm
1

sL2 +R2
, which are shown in Fig. 13(a). As there

is scaling of the sampled signals igrid and iCs
by 0.067 due to

hardware and software implementation requirements, the ref-
erence signals igrid ref and iCs ref are scaled down accordingly
such that equivalent feedback factors Kfb1 = Kfb2 = 0.067 are
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Fig. 12. Block diagram of the bidirectional ac–dc bus power converter.

Fig. 13. Simplified models for control parameters design.

incorporated as shown in Fig. 13(a). The inner current loop for
power factor control uses a proportional-integral-resonant (PIR)
controller given by

Gv1 (s) = kp1 + ki1s
−1 + kr1

cos β · s + sinβ · ωr

s2 + ω2
r

(61)

giving a loop gain of

Gol1 (s) =
E1 (s)

Igrid fb (s)
=

Kfb1Gv1 (s)
sL1 + R1

. (62)

Assigning kp1 = 280 and ki1 = 10, the cutoff frequency of the
loop gain can be designed at 746 Hz with a phase margin of about
90◦. With kr1 = 650, the loop gain of Gv1 (s) at ωr = 100π is
sufficiently large in order to reduce the steady-state error of the
grid current. A β of − π

4 is used to acquire a sufficient phase
margin at ωr [30], [31].

The function of power balancing is provided by Gv3(s) of the
outer voltage loop involving vCs

, as shown in Fig. 13(b). The
inner current loop Gv2(s) shown in Fig. 13(a) is simplified to
the following closed-loop transfer function:

ICs
(s) = GT 1 (s) · IC s ref (s) + GT 2 (s) · Igrid (s) (63)

where GT 1 (s) = K fb2 (sL2 +R2 )−1 Gv 2 (s)
1+Gol2 (s) , GT 2 (s) = [1 + Gol2

(s)]−1 and Gol2 (s) = E2 (s)
IC s f b (s) = K fb2 Gv 2 (s)

sL2 +R2
is the loop gain of

Gv2(s). The controller Gv3 is a proportional-resonant controller
given by Gv3 (s) = kp3 + kr3

cos β ·s+sin β ·ωr

s2 +ω 2
r

.
With scaling factor Kfb3 = 0.0023, and the controller param-

eters Gv2 (s) = kp2 = 330, Kp3 = 119.4 and Kr3 = 955.2, the

cutoff frequency of Gol2 (s) = E2 (s)
IC s f b (s) = K fb2 Gv 2 (s)

sL1 +R1
is 879

Hz with a phase margin of 90◦, and the cutoff frequency of
Gol3 (s) = E3 (s)

VC s f b (s) = K fb3 Gv 3 (s)GT 2 (s)
sCs

is 286 Hz with a phase
margin of 72◦. The closed-loop transfer function GT 2 (s) has a
−24.9 dB attenuation at the grid frequency. Thus, igrid has an
insignificant effect on the steady-state error of iCs

.
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Fig. 14. Experimental results for rectifier mode at stable operation. (a) DC
bus voltage, grid input voltage and current; (b) dc bus voltage ripple and the
phase relationship between grid voltage and ac storage capacitor voltage; (c)
currents at steady state.

B. Performance of Control

The experimental results measured from the prototype for
stable operation in the rectifier mode are shown in Fig. 14.
As shown in Fig. 14(a), the converter is operating as a rectifier,
which maintains unity power factor and a constant dc bus voltage
of 220 V. Fig. 14(b) shows that the dc bus voltage ripple is

Fig. 15. Transient process of stepping load for rectifier mode (a) from half
load to full load; (b) from full load to half load.

about 2.5 V (peak to peak) due to the ac storage capacitor,
whose voltage is leading the grid voltage by a phase angle of
3
4 π approximately, and the voltage of the ac storage capacitor
can approach that of the grid voltage at full load due to the
use of the novel modulation method. The current waveforms of
igrid , iB , and iCs

at steady state are shown in Fig. 14(c). The
transient responses to switching between half load and full load
conditions are shown in Fig. 15, which is realized by a series
connection of a breaker and load resistance.

A dc power source, simulated by a dc voltage source having
a value higher than the dc bus voltage connected in series with
a power resistor, is connected to the dc bus with a dc breaker.
When the power source is connected, experimental results for
the inverter operation are shown in Fig. 16. The grid voltage and
current are in phase and the dc bus voltage is kept at 220 V, as
shown in Fig. 16(a), indicating that power is being transferred
from the dc source to the grid. Meanwhile, using the ac–dc
power balancing scheme, the dc bus voltage ripple is kept below
2.5 V (peak to peak), as shown in Fig. 16(b), where the ac
storage capacitor voltage is lagging the grid voltage by a phase
angle of 3

4 π approximately. The phase relationships of the three
currents are shown in Fig. 16(c). The transient responses for the
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Fig. 16. Experimental results for inverter mode operation. (a) DC bus voltage,
grid input voltage and current; (b) dc bus voltage ripple and the phase relationship
between grid voltage and capacitor voltage; (c) currents at steady state.

converter switching between rectifier and inverter modes are
given in Fig. 17. This verifies that the proposed control strategy
is effective in the two modes of operation. We have also built
a four-phase-leg prototype converter to measure the responses
with conditions identical to Figs. 14, 16, and 17. The results
(omitted here for saving space) show no significant difference
from those of Figs. 14, 16, and 17, indicating that a three-
phase-leg converter can perform as well as a four-phase-leg
converter.

Fig. 17. Transient waveforms of switching (a) from inverter mode to rectifier
mode; (b) from rectifier mode to inverter mode.

C. Performance of Modulation Methods

The performance of the proposed modulation technique for
the three-phase-leg SPWM converter with vzero is compared
with the performance of the modulation presented in [17] at
maximum power of 550 W in terms of real-time simulated
waveforms at the three-phase legs A, B, and C, as shown in
Fig. 18. The ac storage capacitor Cs is designed with a value of
144.7 μF at the minimum dc bus voltage vdc = 170 V. Fig. 18
shows the waveforms of modulation indexes dx = vx O ′

0.5vd c
for

x = A,B, and C, and the dzero = vz e r o
0.5vd c

for the two modula-
tion techniques. When the design with vzero operates at maxi-
mum modulation indexes just confined within the peak values of
carrier (±1 V), over modulation can be observed for the wave-
form of d′C generated by the technique in[17]. For comparison,
the waveform of dzero = dx − d′x for x = A,B, and C is also
shown in the middle panel of Fig. 18 to indicate how it corrects
the overmodulation of d′C to dC .

The efficiency improvement of operating the three-phase-leg
converter at a power level with lower ac storage capacitance,
higher capacitor voltage and lower capacitor current is given in
Fig. 19. The minimal ac storage capacitances used in the com-
parison at vdc,min = 170 V are 144.7 μF for the three-phase-leg
converter with vzero injection, 244.7 μF for the three-phase-leg
converter without vzero injection and 120 μF for the four-phase-
leg converter as given by Fig. 10. Owing to the reduced conduc-
tion loss and switching loss at a lower current amplitude, the
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Fig. 18. Comparison of simulated modulation waveforms at the three-phase
legs A, B , and C for the three-phase-leg SPWM converters without vzero in
the middle row (It is noted that the waveforms of dzero belongs to the bottom
row and is intentionally drawn here for comparison purpose.) and with vzero in
the bottom row operating at (a) rectifier mode and (b) inverter mode.

three-phase-leg converter with a smaller ac storage capacitance
has a significantly higher efficiency. At the same power level,
the four-phase-leg converter shows higher overall losses even
though it has the smallest ac storage capacitance.

VI. CONCLUSION

A family of single-phase ac–dc three-phase-leg sinusoidal
PWM converters is designed with a general decoupled control
structure and a modulation scheme sharing a common ac volt-
age in all phase legs of the converter, resulting in a minimized
charge storage capacitance. The control is simple and effective.
The modulation scheme has performance approaching that of
a four-phase-leg converter. A comparison of the fundamental

Fig. 19. Measured efficiency versus grid-side power for (a) rectifier mode and
(b) inverter mode.

differences between two, three, and four phase-leg converters
are given. The control and modulation methods are verified with
simulations and experimental measurements.
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