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ABSTRACT A passivity-based control (PBC) strategy with improved robustness for single-phase three-level
rectifiers feeding resistive and constant power loads (CPLs) is proposed. It is shown that the control
of the rectifier can be achieved if the damping injection is applied to the grid current only. In this case,
the knowledge of load resistance is required in the computation of reference grid current amplitude.
Since the output voltage and load current are dc quantities, the load resistance can be estimated easily. Then,
the amplitude of the reference grid current is calculated from the power balance equation of the rectifier. The
transfer function from reference grid current to actual grid current is derived. The derived transfer function
is analyzed under variations in the filter inductance. The results reveal that the proposed PBC offers strong
robustness to variations in the filter inductance when a suitable damping gain is selected. The performances
of the proposed PBC strategy under undistorted and distorted grid voltage aswell as, variations in inductor are
investigated via experimental studies during steady-state and transients caused by the resistive load and CPL
changes. In all cases, the output voltage is regulated at the desired value, and grid current tracks its reference.

INDEX TERMS Passivity-based control, damping injection, three-level T-type rectifier, constant power
load.

I. INTRODUCTION
Due to the well-known features such as controllable dc-link
voltage, sinusoidal grid current with reasonably small total
harmonic distortion (THD), bidirectional power flow capabil-
ity and ability of unity power factor operation, the pulse width
modulation (PWM) rectifiers are widely used in many appli-
cations such as motor drives [1], energy storage systems [2],
renewable power generation systems [3], microgrids [4], and
battery charger in hybrid electric vehicles [5]. In the last
decade, multilevel converters are investigated as highly com-
petitive topology to the conventional two-level converters in
terms of cost and efficiency [6], [7]. The harmonics gen-
erated in multilevel converters are much smaller than that
of two-level converters for the same switching frequency.

The associate editor coordinating the review of this manuscript and
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This implies that multilevel converters can achieve the same
voltage (or current) quality by using smaller passive com-
ponents compared to two-level converters. Among the mul-
tilevel converter topologies, the three-level T-type converter
has important advantages such as reduced component count,
highest post fault operation capability, and lower losses.
Especially, these advantages are meaningful in low voltage
applications if the efficiency and cost are important [8], [9].
Therefore, the three-level T-type rectifiers received signifi-
cant attention from the researchers [10]–[18].

In [10]–[13], open-switch fault detection and tolerance
control techniques are proposed to enhance the reliability
of the T-type rectifier. Another important aspect that should
be studied is the control of three-level T-type rectifiers. So
far, there are only a few papers investigating the control of
T-type rectifiers [14]–[18]. In [14], the authors introduced
a model predictive control (MPC) method for single-phase
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T-type rectifiers with observer ability. However, MPC suffers
from the high computation burden in practice. In addition,
the switching frequency is time-varying. Even though the
switching frequency is constant in [15], the performance of
the closed-loop system can be deteriorated under parameter
variations due to the sensitivity of MPC on the parame-
ters. As a remedy to the sensitivity to parameter variations,
a sliding mode control (SMC) is proposed for T-type rec-
tifiers [16], [17]. Even though the SMC has strong robust-
ness to parameter variations, the chattering and time-varying
switching frequency are the main drawbacks. Recently,
a passivity-based control (PBC) is studied for single-phase
T-type rectifiers [18]. However, the influence of parameter
variations is not studied. Also, the proposed PBC method is
not verified through experimental results.

On the other hand, the control methods presented
in [14]–[18] are designed when the rectifier feeds a resis-
tive load only. The performance of these control methods
under constant power load (CPL) is not considered. Hence,
in order to achieve constant power consumption, the load
bus voltage increases as the CPL current decreases and vice
versa [19], [20]. This phenomenon is known as the nega-
tive resistance characteristic of CPL, which deteriorates the
damping of the system leading to instability of the closed-
loop system. Therefore, the operation and control of T-type
rectifiers are challenging, particularly when the rectifier feeds
not only a resistive load, but also a CPL. A tightly regulated
power electronic converter such as a DC/AC inverter and
DC/DC converter connected to the load bus behaves like
a CPL.

In this study, a PBC with an improved robustness feature is
proposed for single-phase three-level T-type rectifiers feeding
resistive load and CPL. PBC is recognized as one of the
robust nonlinear control methods widely employed in con-
trolling power converters. In the PBC design, the dynamic
model of the system under consideration should be derived.
Then, the type of required damping injection which will
accomplish the desired control objectives can be determined
from this model. In this study, it is shown that the control
of dc output voltage and grid current can be achieved if the
damping injection is applied to the grid current only. The
equivalent resistance of the load, which contains a resistive
load connected in parallel with a CPL can be estimated by
using Ohm’s law. The reference grid current amplitude is
calculated from an equation that is derived from the power
balance equation of the rectifier. The proposed PBC strategy
possesses the following features:

i) It exhibits excellent steady-state and dynamic perfor-
mances under load and reference changes,

ii) Despite the use of inductance L in the switching
function, the proposed PBC offers strong robustness
against variations in L with suitably adjusted damping
gain,

iii) It stabilizes the system when R > RCPL ,
iv) It requires only one controller gain (damping gain),

which leads to simplification in the implementation.

FIGURE 1. Single-phase three-level T-type rectifier feeding resistive load
and CPL.

Experimental results obtained from a prototype are presented
to validate the effectiveness of the proposed PBC strategy.

II. PROBLEM STATEMENT AND OPERATING STATES
The circuit diagram of a single-phase three-level T-type rec-
tifier feeding the resistive load and CPL is depicted in Fig. 1.
Clearly, there are four switches for each rectifier leg. The grid
voltage (eg) is connected to the rectifier via an inductance (L)
whose resistance is represented by r . The load bus consists of
parallel-connected resistive load (R) and CPL, which share
IL . The grid current passing through L is denoted by ig. The
dc-side variables are the rectifier current (Io1 and Io2), load
current (IL), resistive load current (IR), CPL current (ICPL),
neutral current (In), output voltage (Vdc), and capacitor volt-
ages (VC1 and VC2). The operation of the rectifier can be
described by the following equations

eg = L
dig
dt
+ vxy (1)

C1
dVC1
dt
= Io1 −

Vdc
RL

(2)

dVdc
dt
=

2
C1

(
Io1 −

Vdc
R
−
PCPL
Vdc

)
(3)

where vxy denotes the five-level voltage defined as
vxy = uVdc, u denotes the switching function, RL denotes
the equivalent resistance of the entire load connected to the
load bus (R and CPL), Io1 = uig, and PCPL is the power of
CPL. When VC1 and VC2 are balanced, the voltage across
each capacitor is equal half of the dc output voltage (VC1 =
VC2 = Vdc/2). It is worth noting that equation (3) is derived
based on this fact. The CPL exhibits negative incremental
resistance defined as follows

RCPL =
dVdc
dICPL

=
d(PCPLICPL

)

dICPL
= −

PCPL
I2CPL

= −Rinc (4)

Now, rewriting (3) using RCPL yields

dVdc
dt
+

2
C1

(
RCPL − R
RCPLR

)
Vdc =

2Io1
C1

(5)

The solution of (5) is given by

Vdc = Io1

(
RCPLR

RCPL − R

)
− Io1

(
RCPLR

RCPL − R

)
e−

t
τ (6)
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where τ is given by

τ =
RCPLRC1

2(RCPL − R)
(7)

Clearly, without a suitable closed-loop controller, Vdc does
not converge to a stable solution when R > RCPL and the
rectifier is destabilized under this loading condition.

On the other hand, unlike the traditional two-level recti-
fiers, the three-level T-type rectifier consists of four switches
on each leg where two of them are anti-series connected
between each leg and node O. With proper switching, this
rectifier topology is able to produce three pole voltages
(vkO , k = x, y) with respect to node O. From Fig. 1,
one can see that these voltages can be produced when the
point x (or y) is connected to positive (P), neutral (O), and
negative (N) points. Table 1 contains the operating states,
switching states and pole voltages produced in each switching
state. It is evident that the rectifier is in the P state producing
vkO = +Vdc/2 when the switches S1k = S2k = ON and
S3k = S4k = OFF. The rectifier is in the O state producing
0V when S2k = S3k = ON and S1k = S4k = OFF. Finally,
the rectifier is in the N state when S3k = S4k = ON and
S1k = S2k = OFF producing vkO = −Vdc/2. The five-level
voltage vxy can be expressed in terms of pole voltages of each
leg as follows

vxy = vxO − vyO (8)

In [15], it is pointed out that there are nine switching
states which yield five different voltage levels (0, ±Vdc/2,
and ±Vdc) for vxy.

TABLE 1. Operating states, switching states and pole voltages.

III. PASSIVITY-BASED CONTROL STRATEGY WITH
IMPROVED ROBUSTNESS
A. PASSIVITY-BASED CONTROL
The main objectives in designing PBC for the single-phase
rectifier include dc output voltage regulation, good ac current
tracking, and unity power factor operation. The state variables
are defined as the error in ig and Vdc as follows

x1 = ig − i∗g, x2 = Vdc − V ∗dc (9)

where i∗g = I∗m sin(ωt) denotes grid current reference with
I∗m being the reference amplitude and V ∗dc denotes the output
voltage reference. Substituting ig = x1+i∗g andVdc = x2+V ∗dc
into (1) and (2), we obtain

Lẋ1 + ux2 = eg −
(
L
di∗g
dt
+ uV ∗dc

)
(10)

1
2

(
C1ẋ2 +

x2
RL

)
= ux1 + ui∗g −

(
C1
dV ∗dc
dt
+
V ∗dc
RL

)
(11)

where ẋ1 and ẋ2 denote derivative of x1 and x2, respectively.
In PBC, the damping injection is essential to achieve a stable
operation [21], [22]. Now, adding damping terms (ς1x1 and
ς2x2) to both sides of (10) and (11) results in

Lẋ1 + ux2 + ς1x1 = eg −
(
L
di∗g
dt
+ uV ∗dc − ς1x1

)
(12)

C1ẋ2
2
+

x2
RL
+ ς2x2 = ux1 + ui∗g

−

(
C1

2

dV ∗dc
dt
+
V ∗dc
RL
− ς2x2

)
(13)

where ς1 and ς2 are positive damping gains. In order to have
a damping injection, the right-hand sides of (12) and (13)
should be zero. In this case, we obtain

eg = L
di∗g
dt
+ uV ∗dc − ς1x1 (14)

ui∗g =
C1

2

dV ∗dc
dt
+
V ∗dc
RL
− ς2x2

(15)

Lẋ1 + ux2 + ς1x1 = 0 (16)
C1ẋ2
2
+

x2
RL
+ ς2x2 − ux1 = 0 (17)

The switching function u can be solved from (14) as follows

u =
1
V ∗dc

(
eg − Le

di∗g
dt
+ ς1x1

)
(18)

where Le is the estimated value of actual L in the system.
It is important to note that estimated values are not equal to
the actual values in practice. Therefore, the influence of such
parameter mismatch on the performance of the proposed con-
trol strategy should be investigated. Also, it is worth noting
that the switching function in (18) does not involve output
voltage feedback and damping gain ς2. Thus, the control of
Vdc is achieved indirectly by controlling ig (see section III-E).

B. ROBUSTNESS IMPROVEMENT WITH DAMPING GAIN
Substituting the switching function u shown in (18) into (1)
yields

eg = L
dig
dt
+
Vdc
V ∗dc

eg −
Vdc
V ∗dc

Le
di∗g
dt
+
Vdc
V ∗dc

ς1ig −
Vdc
V ∗dc

ς1i∗g

(19)

The effect of parameter mismatch on the behavior of the pro-
posed control strategy can be investigated through a transfer
function relating ig to i∗g. Hence, ignoring the grid voltage and
separating similar terms, one can obtain

Vdc
V ∗dc

Le
di∗g
dt
+
Vdc
V ∗dc

ς1i∗g = L
dig
dt
+
Vdc
V ∗dc

ς1ig (20)

Taking Laplace transform of (20) and doing some algebraic
manipulations, one can obtain the following transfer function

G(s) =
Ig(s)
I∗g (s)

=

s+
(
ς1
Le

)
V ∗dcL
VdcLe

s+
(
ς1
Le

) = s+ z
s+ p

(21)
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FIGURE 2. Magnitude and phase responses of G(s) for Le 6= L and
Vdc 6= V ∗dc . (a) −20% mismatch, (b) +20% mismatch.

where

z =
ς1

Le
, p =

Vdcς1
V ∗dcL

(22)

In the case of parameter mismatch (i.e.: Le 6= L) andVdc 6=
V ∗dc, equation (21) yields different z and p values. When Le <
L and Vdc < V ∗dc, G(s) turns out to be the transfer function of
a phase-lag compensator with z > p. On the other hand, when
Le > L and Vdc > V ∗dc, G(s) becomes the transfer function
of a phase-lead compensator with z < p. In both cases, the
damping gain ς1 determines the values of z and p.
The magnitude and phase responses of G(s) obtained by

using parameters presented in Table 2 (see Section IV) and
various ς1 values are shown in Fig. 2. Fig. 2(a) shows
the magnitude and phase responses for Le = 1.6mH and
Vdc = 240V. It can be seen that the magnitude is shifted to
the higher frequencies by increasing ς1. Also, it is attenuated
at higher frequencies. On the other hand, the phase is always
negative (due to the inherent of phase-lag compensator) and is
shifted to the higher frequencies by increasing ς1. Therefore,
a negative phase is added to the phase of reference grid
current. Fig. 2(b) shows the magnitude and phase responses
for Le = 2.4mH and Vdc = 260V. Again, the magnitude is
shifted to the higher frequencies by increasing ς1. However,
unlike the case in Fig. 2(a), the gain is increased at high
frequencies. The phase is always positive (due to the inherent
of phase-lead compensator) and is shifted to the higher fre-
quencies by increasing ς1. Hence, a positive phase is added
to the phase of reference grid current. The equation of grid
current amplitude and its phase in the frequency domain can

TABLE 2. System and control parameters.

be written as

Ig(jω) = |G(jω)| I∗g (jω) (23)
6 Ig(jω) = 6 G(jω)+ 6 I∗g (jω) (24)

According to (24), the phase of grid current can be determined
by adding individual phases of reference grid current and
transfer function G(jω). According to Fig. 2, there should be
amplitude and phase difference in the grid current for ς1 = 1
at ω = 100π rad/s. According to Fig. 2(a), the grid current
with angular frequency ω = 100π rad/s lags its reference
when ς1 = 1. On the other hand, according to Fig. 2(b), the
grid current with angular frequency ω = 100π rad/s leads
its reference when ς1 = 1. However, when ς1 is sufficiently
large (ς1 ≥ 20), the amplitude and phase differences in the
grid current that would arise due the parameter variations will
be compensated. For instance, it is obvious from Fig. 2 that
the amplitude and phase differences in the grid current are
eliminated (|G(jω)| = 0 dB and 6 G(jω) ≈ 0 rad/s) at ω =
100π rad/s for ς1 ≥ 20. This implies that the proposed
PBC possesses strong robustness against variations in L.
Thus, unlike the PBC strategy presented in [22] and [23],
the proposed PBC strategy possesses strong robustness to
variations in L.

C. STABILITY STUDY
It is worth noting that the PBC should accomplish the stabi-
lization objectivemaking the closed-loop system passive with
an error storage function defined as follows

H (x) =
1
2
Lx21 +

1
2
Cx22 (25)

where C = C1C2/(C1+C2). The time derivative of (25) can
be written as

Ḣ (x) = x1Lẋ1 + x2Cẋ2 (26)

Substituting (16) and (17) into (26) yields

Ḣ (x) = −ς1x21 − (
1
RL
+ ς2)x22 (27)

It clear from (27) that Ḣ (x) < 0 is always satisfied since
ς1 > 0, ς2 > 0, and RL > 0. Therefore, the rectifier system
is intrinsically stable because the energy dissipation drives the
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error variables (x1 and x2) to zero. Equation (25) implies that
H (x) → 0, x1 → 0 and x2 → 0.

D. EQUILIBRIUM POINTS
The computation of switching function u in (18) requires
the measurements of eg and ig, knowledge of Le, and the
generation of i∗g. Neglecting the switching losses and equating
the instantaneous power of ac- and dc-sides, one can obtain

EmI∗m
2
=
V 2
dc

RL
(28)

The reference current amplitude can be computed from (28)
as

I∗m =
2V 2

dc

EmRL
(29)

However, in order to compute I∗m in (29), the knowledge of
RL is essential. In this study, RL is estimated using Ohm’s
law (i.e.: RL = Vdc/IL). The division by zero at the start-up
can be prevented if an approximate RL value is used.

Assuming that ig = i∗g (x1 = 0) in the steady-state and
substituting (18) into (2), multiplying both sides by Vdc and

making use of Vdc
dVdc
dt =

1
2
dV 2

dc
dt and i∗g

di∗g
dt =

1
2
di∗2g
dt results in

C1

4

dV 2
dc

dt
+
V 2
dc

RL
= egi∗g −

L
2

di∗2g
dt

(30)

Equation (30) represents the power balance equation of the
rectifier from which one can obtain the solution of Vdc in
the steady-state. Owing to the unity power factor operation,
we can consider that eg = Em sin(ωt) and i∗g = I∗m sin(ωt).
Thus, the terms on the right-hand side of (30) can be written
as

egi∗g =
EmI∗m
2
−
EmI∗m
2

cos(2ωt) (31)

−
L
2

di∗2g
dt
= −

ωLI∗2m
2

sin(2ωt) (32)

Now, letting new variable z1 = V 2
dc in (30) and making use of

equations (31) and (32), the power balance equation can be
written as
dz1
dt
+

4
C1

z1
RL
=

2EmI∗m
C1

+
2EmI∗m
C1

cos(2ωt)

−
2ωLI∗2m
C1

sin(2ωt) (33)

Apparently, equation (33) is a first-order differential equation
whose solution has a dc component and a double frequency
ripple (DFR) component, which is inevitable in single-phase
systems.

E. CONTROL OF OUTPUT VOLTAGE
As mentioned before, the regulation of Vdc is achieved indi-
rectly provided that ig = i∗g. Now, assuming that ig = i∗g and
substituting (18) into (2), we obtain

C1
dVC1
dt
+
Vdc
RL
=
EmI∗m
2V ∗dc

−
EmI∗m
2V ∗dc

cos(2ωt)−
Le
2V ∗dc

di∗2g
dt
(34)

For the sake of simplicity, we neglect DFR component. Since
VC1 = Vdc/2, equation (34) can be written as

dVdc
dt
+

2Vdc
RLC1

=
EmI∗m
V ∗dcC1

(35)

Equation (35) is a first-order linear differential equation
whose solution is given by

Vdc =
EmI∗mRL
2V ∗dc

−
EmI∗mRL
2V ∗dc

e−(
2

RLC1
)t (36)

When the exponential term dies out, Vdc converges to

Vdc =
EmI∗mRL
2V ∗dc

(37)

Equation (37) can be written as

VdcV ∗dc
RL

=
EmI∗m
2

(38)

According to (28), (38) is valid if Vdc = V ∗dc. Therefore,
this shows that the output voltage control can be achieved
indirectly by the proposed PBC.

IV. EXPERIMENTAL VERIFICATION
The effectiveness of the proposed PBCmethod is investigated
experimentally. The block diagram is shown in Fig. 3. The
proposed PBC strategy was realized using OPAL-RTOP5600
real-time simulator on the T-type rectifier prototype depicted
in Fig. 4. The synchronization with the grid voltage was
achieved by using phase-locked loop (PLL). The resistive
load and CPL were emulated by using two programmable
electronic loads (Chroma-63804), respectively. The grid is
emulated via a regenerative grid simulator (Chroma61860).
The experimental results were obtained by using the system
and control parameters presented in Table 2.

FIGURE 3. Block diagram of the proposed PBC.

A. PERFORMANCE TEST WITH RESISTIVE LOAD
Fig. 5 shows the waveforms of grid voltage (eg), grid current
(ig) and grid current reference (i∗g), five-level voltage (vxy),
output voltage (Vdc) and output voltage reference (V ∗dc) and
capacitor voltages (VC1, VC2) when the rectifier feeds the
resistive load only (R = 25�). The system is operated with
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FIGURE 4. Experimental setup.

FIGURE 5. Waveforms of grid-voltage (eg), grid current (ig) and its
reference (i∗g ), five-level voltage (vxy ), output voltage (Vdc ) and its
reference (V ∗dc ), and capacitor voltages (VC1 and VC2) under undistorted
grid voltage.

FIGURE 6. Waveforms of grid-voltage (eg), grid current (ig) and its
reference (i∗g ), output voltage (Vdc ) and its reference (V ∗dc ), and capacitor
voltages (VC1 and VC2) under distorted grid voltage.

ς1 = 20 and Le = L. It is evident that eg and ig are in
phasewith each other whichmeans that the unity power factor
operation is satisfied. Also, ig and i∗g are overlapped which
leads to zero tracking error. The THD of ig is measured
to be 1.3% which is below the recognized standards. The
regulation of the output and capacitor voltages is achieved
at 250V and 125V, respectively. Obviously, Vdc has dc and
DFR components as determined analytically in (30). The
capacitor voltages are balanced at 125V, which is half of the
output voltage. The voltagevxy has five levels+250V,+125V,
0V, −125V and −250V.
Fig. 6 shows operation under distorted grid voltage for

R = 25�. In the controller, the damping gain is set to 20

FIGURE 7. Waveforms of grid-voltage (eg), grid current (ig) and its
reference (i∗g ), output voltage (Vdc ) and its reference (V ∗dc ), and capacitor
voltages (VC1 and VC2) under RL = 25�: (a) Le < L (Le = 1.6mH) and
ς1 = 1, (b) Le < L (Le = 1.6mH) and ς1 = 20, (c) Le > L (Le = 2.4mH) and
ς1 = 20.

(ς1 = 20) and Le = L. In addition to fundamental component
at the nominal frequency (50Hz), the distorted grid voltage
have additional 3rd, 5th and 7th harmonics with amplitudes
15
√
2V, 7

√
2V, and 5

√
2V, respectively. Despite the distorted

grid voltage, the grid current is almost sinusoidal and in phase
with the grid voltage, indicating that the unity power factor
requirement is satisfied. The THD of ig is measured as 2.4%,
which meets the required threshold mentioned in [24]. Also,
the regulation of Vdc, VC1 and VC2 is achieved at 250V and
125V, respectively.

Fig. 7 shows operation under undistorted grid voltage and
RL = 25� for Le < L and Le > L. It can be seen from
Fig. 7(a) that the output voltage is not regulated at the desired
value (Vdc 6= V ∗dc) when Le < L (Le = 1.6mH) and ς1 = 1.
Such operation is not desired since it causes an unbalance in
the capacitor voltages (VC1 6= VC2). Also, the grid current
lags its reference (ig 6= i∗g). All of these experimental findings
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FIGURE 8. Waveforms of grid-voltage (eg), grid current (ig) and its
reference (i∗g ), output voltage (Vdc ) and its reference (V ∗dc ), grid current
error (x1), output voltage error (x2), and capacitor voltages (VC1 and VC2)
for a step change in ς1 from 1 to 20 when Le = L.

FIGURE 9. Waveforms of grid-voltage (eg), grid current (ig) and its
reference (i∗g ), output voltage (Vdc ) and its reference (V ∗dc ), resistive load
current (IR ), and capacitor voltages (VC1 and VC2) for a step change in
V ∗dc from 250V to 300V under resistive load R = 25�.

are in good agreement with the theoretical results in Fig. 2(a)
and equations (19) and (20). On the other hand, when the
damping gain is increased from 1 to 20 (ς1 : 1 → 20),
these problems have been resolved as shown in Fig. 7(b) and
Fig. 7(c). Hence, these results clearly indicate that the pro-
posed PBC has strong robustness against parameter variations
in L. In addition, the experimental system was not working at
all for Le = 2.4mH and ς1 = 1 because of the sharp increase
in grid current and output voltage which was triggering the
protection circuit to stop system. Hence, the effectiveness
of the proposed PBC strategy with nonzero damping gain
(ς1 6= 0) can be understood more clearly.

Fig. 8 shows operation under a step change in ς1 from 0 to
20 for Le = L. Clearly, ig 6= i∗g, Vdc 6= V ∗dc and VC1 6= VC2
for ς1 = 1. As a consequence of this unsuccessful control,

FIGURE 10. Waveforms of grid-voltage (eg), grid current (ig) and its
reference (i∗g ), output voltage (Vdc ), resistive load current (IR ), CPL current
(ICPL), total load current (IL), and capacitor voltages (VC1 and VC2) for a
step change in: (a) R from 100� to 50�, (b) CPL from 0.625kW to 1.25kW.

FIGURE 11. Waveforms of grid-voltage (eg), grid current (ig) and its
reference (i∗g ), output voltage (Vdc ) and its reference (V ∗dc ), CPL current
(ICPL), and capacitor voltages (VC1 and VC2) for a step change in V ∗dc from
250V to 300V under CPL.

the error variables are not zero (x1 6= 0 and x2 6= 0). Hence,
this result verifies the fact that when ig does not track i∗g,
the control of Vdc cannot be accomplished. However, when
ς1 is changed to 20, ig = i∗g, Vdc = V ∗dc and VC1 = VC2.
In this case, the error variables eventually tend to zero.

Fig. 9 shows an operation for a step change in V ∗dc from
250V to 300V under resistive load R = 25�. It is obvious
that Vdc is regulated at 250V while VC1 and VC2 are balanced
at 125V and ig is in phase with eg before and after the step
change. It should be noted that the operating point of the
rectifier is changed after the step change in V ∗dc. Therefore,
the amplitude of ig is increased. After the short transition
period, Vdc is regulated at 300V. Similarly, VC1 and VC2 are
balanced at 150V.
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B. PERFORMANCE TEST WITH RESISTIVE LOAD
AND CPL
Fig. 10(a) shows an operation for a step change in R
from 100� to 50� while CPL is maintained at 1.25kW
(RCPL = 50�).
Even though R>RCPL before the step change, the system

is not destabilized. Fig. 10(b) shows an operation for a
step change in CPL from 0.625kW to 1.25kW while R is
maintained at 50�. It can be observed that the control of
dc- and ac-side variables is achieved in both tests. That is to
say, the grid current tracks its reference and satisfies the unity
power factor, and the output voltage is regulated at 250V. The
capacitor voltages are balanced at 125V before and after the
load change.

Fig. 11 shows an operation for a step change in V ∗dc
from 250V to 300V when CPL is rated at 2.5kW. It is
obvious that Vdc is regulated at 250V while VC1 and VC2
are balanced at 125V and ig is in phase with eg before
and after the step change. As mentioned in Section II,
the CPL exhibits negative resistance characteristics. As a
consequence of this fact, in response to the step change in
V ∗dc, while ICPL reduces from 10A to 8.3A, Vdc increases
from 250V to 300V. In this case, the load power is maintained
constant at 2.5kW.

V. CONCLUSION
This paper presented a robust PBC strategy for single-phase
three-level T-type rectifiers feeding resistive and constant
power loads. It is pointed out that both dc output voltage and
grid current of the rectifier can be controlled if the damping
injection is applied to the grid current only. It is shown
that the proposed PBC strategy possesses strong robustness
to variations in the inductance when the damping gain is
selected in accordance with the grid current transfer function
magnitude. The performance of the proposed PBC strategy is
investigated by experimental studies during steady-state and
transients caused by the load and reference voltage changes
under undistorted and distorted grid voltage conditions and
variations in inductance. It is shown that the dc output voltage
is regulated at its reference value, and grid current tracks its
reference in all conditions, particularly under constant power
load, which may endanger the stability of the system due to
the negative resistance characteristic.
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