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Abstract: Since a T-type three-level PWM converter has several intrinsic advantages, it has been
researched for various applications such as grid-connected converter systems. However, it necessarily
requires an additional voltage control loop for balancing the upper and the lower DC-link voltage. To
satisfy this requirement, an offset voltage is widely used to provide a neutral point current without
affecting other variables such as total DC-link voltage and three-phase input current. However, these
methods are mostly based on the averaged value between the applied offset voltage and the neutral
point voltage or current, and there is no exact analytical model. Therefore, in this paper, the exact
theoretical relationship between the offset voltage and the neutral point current is analyzed. This
result can be expected to be useful for an effective voltage balancing control loop design as well as
the better understanding of the whole system operation. The validity of the obtained analytical model
is verified by simulation and experimental results.
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1. Introduction

Since a T-type three-level PWM converter can generate multi-level output voltage waveforms
compared to a conventional two-level PWM converter, it has an advantage in terms of the harmonic
reduction. Furthermore, compared to the neutral-point-clamped (NPC) three-level PWM converter [1],
the T-type three-level PWM converter has two diodes less per bridge leg. Since the NPC three-level
topology was originally developed for medium voltage applications, the switching devices are
connected in series to overcome the limited voltage blocking capability of the available devices, and it
is related to the increased conduction losses. However, for low voltage applications, the switching
devices does not need to be connected in series anymore. Hence, during the positive (P) or negative
(N) switching states, only one switching device is conducted, and the reduced conduction losses make
the T-type three-level topology the preferred choice for low voltage applications [2]. Therefore, various
research has attempted to apply the T-type three-level PWM converter to many applications [2-7].

However, the T-type three-level PWM converter requires necessarily the relevant neutral point
voltage control loop for stable operation. According to the different applications, it performs various
balanced voltage controls between the upper and the lower DC-link voltage [3,8]. To satisfy this
requirement, an offset voltage is widely used to provide some neutral point current values which are
normally zero in balanced load conditions. Since the offset voltage affects only the difference between
the upper and the lower DC-link voltage, it does not disrupt other control variables such as the total
DC-link voltage and three-phase input current. Therefore, to control effectively the neutral point voltage
or current, it is necessary to understand how the offset voltage works, that is the analytical relationship
between the offset voltage and the neutral point voltage or current. However, the conventional
research normally used the averaged neutral point current-based neutral point voltage control [3,4]
and a predictive method to apply the optimal voltage vector in a selective manner for minimizing
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the difference of each DC-link voltage [5-8]. Specifically, in [9], a novel model predictive control to
eliminate common-mode voltage is proposed. By considering dead-time effects on common-mode
voltage, different voltage vectors were utilized, and it was mentioned ambiguously these vectors also
can balance the neutral point voltage. In [10], a three-level T-type neutral-point-clamped indirect
matrix converter with novel SVPWM methods is proposed. However, for the neutral-point voltage
balancing, two isolated front active rectifier stages with simple algorithm were used to control the upper
and lower DC-link voltage independently. Hence, it does not require any voltage balancing control
within T-type converter. In [11], a five-level T-type cascade converter for photovoltaic systems was
proposed. To implement the voltage balancing control, a simple PI controller was used based on
the voltage error input between the upper and lower capacitor to change the modulation index in
vertical axis; however, there was no analytical model about that. In [12], a three-phase transformerless
T-type multilevel inverter for photovoltaic application was proposed, and a novel hysteresis space
vector current control (HSVCC) scheme was used to mitigate the common-mode leakage current
and assure capacitor balancing; however, there was no specific explanation how the HSVCC scheme
affects the capacitor balancing. In [13], the simplified model predictive control for a T-type inverter
was proposed, and the predicted neutral point voltage was used just to select the suitable small
vectors without the weighting factor in the cost function for balancing capacitor voltages with reduced
execution time. In summary, research about an exact analytical model for the neutral point current has
not been presented.

Therefore, this paper proposes the exact analytical modeling for the neutral point current in
the T-type three-level PWM converter by using the given system parameters, such as the duty cycle
for PWM operation, the grid-side three-phase input current, and the output DC-link voltage based
on system operational conditions. Compared to the conventional approach, this paper presented
the modeling of neutral point current in an instantaneous manner, not averaged. Moreover, by
using the proposed model, it is possible to obtain the average neutral current value by averaging
the instantaneous neutral current value. This modeling analysis has been done under the space-vector
PWM operation which is a widely adopted method due to the better DC-link voltage utilization.
The validity of the obtained mathematical expression for the neutral point current is verified through
simulation and experimental results.

2. T-Type Three-Level PWM Converter

2.1. Circuit Configuration

Figure 1 shows the T-type three-level PWM converter system for grid-connected applications.
On the AC side, the three-phase voltage source is connected to the output of the T-type three-level
PWM converter through an inductor L filter including an equivalent series resistance R. On the DC
side, it is assumed that two independent loads are connected to each DC-link voltage (v and vy ). In
the balanced condition that each load has a same value, the voltage across each DC-link capacitor C
becomes half of the total DC-link voltage vpc. However, in the unbalanced condition that each load
has a different value, each DC-link voltage deviates from the original value, and it affects the overall
system operations such as power quality and system protection. Hence, in order to prevent these issues
and maintain stable operations, a relevant neutral point voltage control scheme based on the offset
voltage is required, and in other words, it has to be known how the offset voltage affects the neutral
point current .
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Figure 1. T-type three-level PWM converter system.

2.2. Modeling of Neutral Point Current

To control the neutral point current effectively, the analytical model for the neutral point current
should be obtained. To simplify the analysis, it is assumed that each DC-link voltage is well regulated
equivalently (vg = v, = 0.5 X vpc), and three-phase variables are all balanced. Figure 2 shows the phasor
diagram of the T-type three-level PWM converter operation. For the unity power factor control in
grid-connected applications, the grid current (Ig) is normally controlled to be synchronized with
the grid voltage (V), but the ®; phase delay is assumed for a more general analysis. To operate with

this condition, the output voltage (V) of the T-type three-level PWM converter should be additionally
delayed by the @, radian compared to the grid current.

Figure 2. Phasor diagram of T-type three-level PWM converter operation.

This steady-state operation can also be presented in the time domain by Figure 3. Each three-phase
sinusoidal grid current (iga, igp and igc) is given by (1), where [}, is the peak value, and the other three
sinusoidal waveforms (d,, d,, and d.) given by (2) are duties to generate the output voltage (voa, Uob,
and voc) by comparing with the carriers where the m is the modulation index (0 < m < 1).

iga = I cos(wt — 1)
igp = Iy cos(wt —2m/3 — ) 1)
ige = Iy cos(wt 4 21/3 — 1)

dy = mcos(wt — ¢y — ¢2)
dy = mcos(wt —21/3 — 1 — P2) )
d. = mcos(wt +21/3 —p1 — ¢2)
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Further, the relational expression between the output voltage and the duty is given by (3).
Uox = 0.50pcdox, (x=a,b,c) 3)

The duties in (2) are transformed to the novel duties for space vector modulation (SVM) due to
the effective DC-link voltage utilization. The offset duty which aims to control the neutral point current
should also be considered. Therefore, the final duties (doa, dop, and doc) are generated as shown at
the bottom of Figure 3. First, each sector from I to VI is separated based on the zero point crossing of
the final duties in one grid period, and then these six sectors are again classified as two subsectors
(A and B) based on the reciprocal crossing of the corresponding two final duties. Therefore, the total
number of sectors becomes 12, and each sector is not symmetric because of the added offset duty.
The A0 originating from the offset duty is the phase difference between the original and the final duties,
and it can be calculated by (4), where ds is the offset duty.
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Figure 3. Theoretical operational waveforms.

Here, the SVM scheme presented in [14] is used, and for example, the final duties in sector I-A (6
< wt < 07) of Figure 3 are given by (5), where dxn(x = a, b, ¢) is the duties only including SVM method,
and Vmax and Vi, are the highest and lowest duty in each sector, respectively.

dog = dan +dos = mcos(a)t - le - ({[)2) - %(Vmax + Vmin) + dos
dob = dbn + dos = mcos(wt -2n/3 - (]51 - ¢2) - %(Vmax + Vmin) + dos (5)
doc = dey +dos = WlCOS(a)t +2n/3 - ¢1 - sz) - %(Vmax + Vmin) + dos

The analytical modeling of the neutral point current can be obtained by the switching state within
each sector. The T-type three-level PWM converter has three switching states in each leg: 1) P state in
which the upper two switches Sy; and Sy, are turned on; 2) O state in which the middle two switches
Sy» and S,z are turned on; and 3) N state in which the lower two switches S,3 and Sy4 are turned on,
where x = a, b, c. However, since the neutral point current flows only during the O state, the neutral
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point current can be calculated by using the O state duration time and the corresponding grid current
in each phase. Figure 4 shows one example of the O state duration time in sector I-A of Figure 3 during
one sampling period Ts. Although the polarity of the duties continuously changes across each sector,
the mathematical expression about the O state duration time within T is identical regardless of that
polarity, and it can be applied to other sectors in the same way. For the sector I-A, the neutral point
current can be obtained as (6), and Table 1 summarizes the mathematical expression for all sectors,
where the variables a1, ay, a3, f1, B2, and B3 are given in Appendix A (Al). From Table 1, if the system
parameters are given, the exact neutral point current value can be obtained.

io = (1 - |dou|)iu + (1 - |doh|)ib + (1 - |d0c|)ic
= dOS(_ZiLZ) - dania + dbﬂlh + dcnic (6)
= —2dpsIp cos(wt — 1) + m-Ip(%gsin(Zwt =201 — o — %) + ;:i cos P —%gsingbz)

The average value of the neutral point current during one grid period can be calculated by (7),
and it can be further simplified as (8) assuming the A0 is zero which means the load condition is
balanced (i = ip.). However, even under the unbalanced load condition, the A is very small so that
the assumption is reasonable.

, 27 601 .
lo gqvg = % Y [ Gkkﬂ lgd(a)t)]

k=1 )
_ Z6dosTy COZAH'COS o2 rg—fl”(% sin(2:A60)- cos ¢ — 9-A6- cos <p2)
. —6dos-I, cos ¢
Io_gvg = % (8)

From (8), it can be concluded that the average neutral point current is proportional to the offset
duty and is not related to the power factor because it only includes ®; but not ®;.

1
0.5(1-|d,,|) T
doa: > < >
0
(1=|d,c )75
dOC < >
(1=|d|) 75
dob < »
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Figure 4. The exemplary O state duration time in sector I-A of Figure 3.
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Table 1. Neutral Point Current Expression.

Sector Neutral Point Current \
| . A | o= mhy(Bat (3/4) cosgr = (V3/4)sings) |
| | B | o= —an +mely(~ps + (3/4)-cos gy + (V3/4)sings) |
| I | A | io=as+mly(p1 - (3/4)-cosp + (V3/4)singn) |
| | B | io = a3+ mly(Br - (3/4)-cos g — (V3/4)sing) |
oo A | = e+ (3/4)-cosga = (V3/4)sings) |
| | B | o= —az tmly(B1 + (3/4)-cos g + (V3/4)singa) |
| v | A | io = oy + mDy(~Ba— (3/4)-cos y + (VB/4)sings) |
| | B | io=a1+mly(ps— (3/4)-cos oy — (V3/4)singn) |
| v | A | iy = —az +mdy(—p1 + (3/4)-cos g — (V3/4)singn) |
‘ ‘ B ‘ = -az +m- Ip( Ba+ (3/4)-cos ¢ + (V3/4) Sm¢2) ‘
| VI | A | io = ag +mely(—Bs— (3/4)-cos g + (V3/4)sing) |
\ \ B \ io = ay + m-Ty(—p1 = (3/4)-cos ¢y — (V3/4)-singp) \

3. Simulation and Experimental Results

To verify the obtained analytical model for the neutral point current in the T-type three-level
PWM converter, a simulation and experimental tests were performed. The system parameters are
summarized in Table 2.

Table 2. System Parameters.

Output power (P,) 3.2kW
DC-link voltage (v, v1) 200V
Grid line-to-line voltage 220 Vrms

Filter inductance (L) 3 mH

Equivalent series resistance (R) 010
Output capacitance (C) 1680 uF
Switching frequency (fs) 10 kHz

Figure 5 shows the control block diagram of the T-type three-level PWM converter. The three-phase
grid voltages (vga, Ugp, Vgc) Were used for phase-locked loop (PLL) to detect the phase angle and
frequency of the grid. The detected phase angle 6 makes the abc-dq transform of three-phase grid
voltages and currents for the synchronous reference frame control. In the inner loop, one current
controller was used to regulate the three-phase grid current, and this can be implemented with simple
proportional-integral (PI) control or some advanced control such as predictive control for the fast
response. Here, the robust predictive control algorithm proposed in [15] was used. In the outer loop,
two voltage controllers were used to regulate the total DC-link voltage vpc and the neutral point
voltage ve, respectively. The total DC-link voltage controller can be implemented with simple PI
control [16]. Furthermore, by using the mathematical expression about the DC-link side of the T-type
three-level PWM converter in (9) and (10), the neutral point voltage control loop can be constructed
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by Figure 6. From this, the PI neutral voltage controller can be designed, and the output becomes
the offset voltage and added to the output of the current controller to generate the final gate signals.
dy . v
R ©
CoL — iy — B =iyt ig— g, (ip+io+in=0)

Vo = Up— 0] = ( Re __Ri )ip R, (10)
SCRy+1 SCRp+1 SCRp +1
T-type Three-level
— Vout » PWM converter
—— AN, >
+
-+ L R s C V_H}_ Ry
~ MW — 4+
= Vgt lge C \%5 }_ é RL
o M AN, > =
PLL 0 | abc Gate ol e
d dq Signals

Vpe Ve

:D Gate
Signals

+
M
SR

»
»

abc +

Neutral point
49

VC—Voltage Controller
CC—Current Controller

Figure 5. Control block diagram of the T-type three-level PWM converter system.

v: dOS l.O
> PI | PWM 3 Eq.(8) | Eq.(10) Ve

Figure 6. The block diagram for the neutral point voltage control loop.

Figure 7 shows the simulation waveforms at the unity power factor (®; = 0) operation under
the unbalanced load conditions. The upper and lower loads were set as 100% and 80%, respectively.
The ®; and the AO were calculated as 0.067 and 0.058 radian with a numerical method, respectively.
Figure 7a,b show the average and the switching model-based waveforms, respectively. The average
model corresponds with the analytical model obtained in this paper. The neutral point current i, in
Figure 7a follows exactly the expression in Table 1, and the average neutral point current value is about
—1.6 [A]. In Figure 7b, although the actual neutral point current i, becomes the pulsating waveform
due to the switching operation, the averaged current waveform i, 1y calculated in every sampling
period has almost same shape with the i, in Figure 7a, and the average value for one grid period was
similarly measured as —1.6 [A].
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Figure 7. Simulation waveforms at unity power factor operation under unbalanced load conditions.
(a) Average model (da, dy, dc: original duties; doa, dop, doc: final duties considering the SVM and offset
voltage; iga, igb, ige: grid currents; io: neutral point current). (b) Switching model (vg,, Ugb, Ugc: grid
voltages; iga, igb, ige: grid currents; vy, vy : DC-link voltage; io: neutral point current; i,_1s: averaged
neutral point current in every sampling period).

Figure 8 shows the simulation waveforms at the non-unity power factor ($; = 71/6) operation under
the same unbalanced load conditions. The ®, and the AB were calculated as —0.456 and 0.056 radian
with a numerical method, respectively. Figure 8a shows the average model-based waveforms, and
this corresponds with the analytical model obtained in this paper. In this case, the average neutral
point current value is also about —1.6 [A] corresponding to the same result with the Figure 7a. Hence,
it can be verified that the average neutral point current value is not related to the power factor from
(8). Figure 8b shows switching model-based waveforms. From the grid phase voltage and current,
the non-unity power factor (®1 = 7/6) operation can be identified. Furthermore, the averaged current
waveform i, 15 calculated in every sampling period has almost same shape with the i, in Figure 8a,
and, inevitably, the average value for one grid period was similarly measured as —1.6 [A].

— = =’7
1 , dy d. 200 — v, v v ] 4=

NN IAEAAAAAAA

025 0.26 027 028 029 03 ) 0.75 0.76 077 078 079 08
Time (s) Time (5)

(a) (b)

Figure 8. Simulation waveforms at non-unity power factor operation under unbalanced load conditions.
(a) Average model (dy, dy,, d.: original duties; doa, dop, doc: final duties considering the SVM and offset
voltage; iga, igb, ige: grid currents; io: neutral point current). (b) Switching model (vg,, Ugb, Ugc: grid
voltages; iga, igb, ige: grid currents; vy, vy DC-link voltage; iy: neutral point current; i, 15: averaged
neutral point current in every sampling period).
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Figure 9 shows the experimental setup of the T-type three-level PWM converter system. For
the implementation of the control algorithm, DSP TMS320F28335 was used.

L Filter

Figure 9. Photograph of the experimental prototype.

Figure 10 shows the experimental waveforms under the same unbalanced load conditions and
unity-power factor operation. The grid phase current ig, flows sinusoidally having the phase difference
71/6 [rad] compared to the line-to-line grid voltage vga,. Hence, the unity-power factor operation
is satisfied. From the converter’s PWM output voltage voa, it can be known that the upper and
lower DC-link voltages are well regulated equivalently even if the load is unbalanced. Furthermore,
the averaged neutral point current waveform i, calculated in every sampling period was identified that
it has similar waveform with the simulation result of i, in Figure 7a. Hence, the obtained analytical
model for the neutral point current was also verified by the experimental results.

- vgab(ZGO‘tdiV) .
: / ;//v’_&\sxign(l ( A/dlv)/ﬁ \ 3|3 / ‘ﬂ \
v,.(200V/d i
T A EN‘ 7\ LA
\LA ~‘a“'“' uﬂ‘f\‘ﬂ/' Yk \u/ﬁ i /i _,_ﬂ »\/,
Y VLT iaaidivy T T x r“
t (Sms/div)

Figure 10. Experimental waveforms at unity power factor operation under unbalanced load conditions.

4. Conclusions

This paper proposed an analytical model for the neutral point current in the T-type three-level
PWM converter. The analysis was performed assuming the upper and lower DC-link voltages are well
regulated equivalently even under unbalanced load conditions. The obtained analytical model for
the neutral point current was verified by simulation and experimental results. This analytical model
can be used for the neutral point voltage control loop design as well as the preliminary investigation
about the whole system operation related to the neutral point voltage variation.
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Appendix A

a1 = 2dos°I, cos(wt — 1)

ay = 2dpsIy cos(wt —21/3 — 1)

a3 = 2dos1, cos(wt +21m/3 — ¢1)

B1 = (V3/2)-sin(2wt — 21 — )

B2 = (V3/2)-sin(2wt — 21 — o — 71/3)
B3 = (V3/2)-sin(2wt — 2¢1 — o + 1 /3)

(A1)
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