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Abstract: The voltage and current ripples in the three-level bi-directional converter (TLBC) can
be reduced by an interleaving technique that controls a phase difference between the modules of
power converter. On the other hand, the inductor current ripple in TLBC is increased due to the
circulating current between the modules. In this paper, the effects of two interleaving methods on a
two-phase TLBC, Z-type and N-type, are investigated and compared. In particular, capacitor current
ripple, and voltage ripple are compared by two interleaving methods verified through Powersim
(PSIM) simulation.
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Figure 1. Single-module TLBC circuit diagram.
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Because the TLBC in Figure 1 has a structure in which the two-level bidirectional
converters are vertically symmetric, the voltage stress of the switching devices is reduced
by half. This makes it feasible to reduce the loss of the elements [8]. Furthermore, the ripple
of the inductor and output currents, and output voltage can be reduced by half. A decrease
in the ripple of current and voltage has a positive effect on the lifespan and efficiency of
passive elements [9-12].

In addition, if the power converter is configured in parallel, it can provide benefits such
as the reduction of losses and heat dissipation under heavy loads, and increase in power
capacity [13,14]. TLBCs that are configured in parallel generally perform interleaving
operations with a phase difference on one period [5,15]. In this case, each pair of switches
operate alternately so that the input current, output current and voltage ripples can be
reduced. However, by the interleaving control, a circulating current is generated, which
flows from the inductor of one module to that of the other module. This increases the
ripple of the current flowing through the inductor [16,17]. An increase in the ripple of
the inductor current results in an increase in the loss of the inductor as well as a decrease
in the efficiency of the converter module. There are two interleaving methods, Z-type
and N-type, in TLBCs with two-phase parallel configuration according to the order of
operating switches [18]. N-type interleaving operates all the switches of one module first
and then those of another. In contrast, Z-type interleaving operates the high-side switches
of all the modules first and then the low-side switches. In the case of Z-type interleaving,
because the phase difference between the high-side switches is smaller than that for N-type
interleaving, the amount of circulating current generated between the modules of Z-type
interleaving is smaller then that of N-type interleaving.

The effect of the interleaving method on the inductor current has been analyzed
extensively in the reference document [18]. However, the effects on the filter capacitor are
not discussed in that paper. Generally, filter capacitors can be the largest failure’s sources
of converter modules [19]. Therefore, in this study, the effects of interleaving methods on
the filter capacitor of the current of the filter capacitor was analyzed according to the two
interleaving operation methods for the two phase parallel TLBC structure. Furthermore,
the control methods of two types interleaving were also analyzed. The analysis results
were verified through Powersim (PSIM) simulations. This paper is organized as follows:
Section 2 describes the basic operation of two-phase parallel TLBCs. Section 3 analyzes the
current ripple of the filter capacitor and the control method that depend on the interleaving
method. Section 4 verifies the analytical results given in Section 3 by simulations. Finally,
conclusions are presented in Section 5.

2. Parallel Operation of Two-Phase Parallel TLBC
2.1. Circuit of Two-Phase Parallel TLBC

To configure TLBCs in parallel, two aspects need to be considered in connecting single
TLBC. Firstly, the neutral points of the two capacitors placed between the high-side and
low-side in the TLBCs in parallel must be connected. By connecting the neutral point, the
current ripple of the capacitor is divided between capacitors connected in parallel, which
reduces the loss of the capacitor and increases the lifespan [20]. Second, a low-side inductor
must be added to prevent the short-circuiting of low-side capacitors. While interleaving
the TLBC, there is a switching instance in which two low-side capacitors are short circuited.
Figure 2a illustrates the low-side capacitors are short-circuited during interleaving control
in TBLC.
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Figure 2. Circuit diagram of two-phase parallel TLBC.

In such a case, the entire output voltage is applied to the high-side capacitors so that
these capacitors may be destroyed by over voltage failure. Therefore, a low-side inductor
should be added to prevent short circuit failure of the low-side capacitor. Figure 2b illustrates a
circuit diagram of a two-phase TLBC configured in parallel with an inductor at the bottom.
As described above, the two-phase parallel TLBC circuit used in this study has low-side
inductors, and the neutral points of capacitors in each module are connected.

2.2. Interleaving Methods of 2 Parallel Three-Level Bi-Directional Converters

In the conventional single-phase TLBC, the two switches at the high-side and low-side
operate with a phase difference of 180°. However, because there are a total of four activated
switches in the two-phase parallel TLBC, it must operate with a phase difference of 90°
(obtained by dividing a cycle into four parts). At this time, it is categorized as N-type or
Z-type interleaving according to the order of phase difference [18]. Figure 3 illustrates the
switching sequence for two types of interleaving methods, N-type and Z-type. Moreover,
the two filter capacitors connected in parallel are expressed equivalently as one capacitor. In
N-type interleaving, the switches of first module operate in the top and bottom order, then
those of second module operate in the top and bottom order—while, in Z-type interleaving,
the high-side switches of two modules are turned on sequentially and then the low-side
switches are turned on.

Meanwhile, a circulating current (Ipys) is generated when the parallel modules are
subjected to interleaving control. This circulating current is not completely transferred
to the output power, but it flows into another module. This circulating current increases
the power losses as well as a current ripple of the inductor. The next section describes the
circulating current for two types of interleaving methods.

2.3. Circulating Current Variation with an Interleaving Method

The circulating current (ipps) flowing between the modules owing to interleaving
control and the common current (icys) flowing to the output terminal (without flowing to
another module) are defined as in Equations (1) and (2):

. ipH +iLH2
Icm = 72 (1)

. iLH1 — ILH2
ipM=—"%5"" )
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where i} jpand i o refer to inductor currents flowing through the high-side inductors of
modules 1 and 2, respectively. The inductor current of each module can be expressed as
Equations (3) and (4) using the circulation current and common current

iLm1 = icm +ipm (3)

iLH2 = icm — iDM 4)

Figure 4a shows the circuit diagram of two-phase parallel TLBC. Figure 4b shows
an equivalent circuit obtained by replacing the switch and output voltage terminal of a
two-phase parallel TLBC with a square wave voltage source. Point G, which is the middle
point of the input voltage, is a virtual node. Point O, which is the neutral point of the
capacitor, is defined as a node for interpreting the circuit by dividing it into high-side and
low-side ends.

L Vout
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(a) Switching operation of Z-type interleaving (b) Waveform of Z-type interleaving
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(c) Switching operation of N-type interleaving (d) Waveform of N-type interleaving

Figure 3. Switching operation according to interleaving methods.
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Figure 4. (a) Circuit diagram of a two-phase parallel TLBC; (b) equivalent circuit diagram of a TLBC

with interleaving control.
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1

The voltages applied to the inductor in Figure 4 (vpp1, VrH2, U111, ULL2) can be ex-
pressed by Equations (5)—-(8):

OLH1 = 7 00G — Yao

ULH2 = > 090G — Opo

Oin

ULl = 3 U0G — Uco
Ui
ULr2 = 5 YOG ~ Ydo

©)

(6)

@)

®)

where the square wave voltage sources v, Up,, Uco and v, mean voltages corresponding
to half of the output voltage according to the operation of the switch. v, vp,, vco,and vy,
are expressed by Equations (9)—(12):

Vo = —(1 — SLl) *

OVdo = —(1 — SLZ) *

Vgo = (1 — SHl) *

0

Dout

bo = (1 - SHZ) % Uozut

Dout

Dout

)

(10)

(11)

(12)

where Sp1, SHa, S11, S12 represent switching functions of the high-side switch of module 1,
the high-side switch of module 2, the low-side switch of module 1, and the low-side switch
of module 2, respectively. Equation (13) defines a switch function. It is defined that the

value of switching function is one when the switch is on and zero when it is off.
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g 1 Switch Sgq is On _J1 Switch Spp is On
HU7 00 Switch Sgyyp is OFF” ~ 7 )0 Switch Spyp is OFF
1 Switch S;1is On 1 Switch S;5 is On
Sp1 = . . , Sio = . . (13)
0 Switch S;q is OFF 0 Switch Sy, is OFF

The neutral voltage of the output capacitor vo¢ can be derived by applying KCL (Kirch-
hoff’s current law) to point O as follows:

ipH1 +iLH2 +ipp1 +ipp =0

OLH1 , OLH2 , OLL1 |, OLL2
z Tz vtz T3 =0

(14)
ULH1 +OLH2 + 011 + 02 =0

where Z denotes the impedance of each inductor (it is assumed that the inductors have equal
impedance). The following equation is obtained when it is substituted into Equations (5)—(8):

—400G — Vao — Upo — Veo — Vgo = 0 (15)

Finally, the neutral voltage vpg can be expressed as follows from Equations (9), (12)
and (15):

Dout
8

v0G = (SH1 + SH2 — S11 — S12) * (16)

The high-side inductor voltages (vy g1, vLH2) according to the switch operation in the
circuit can be rearranged by Equations (17) and (18):

Oin
OLH1 = . 00G — Yao

= P4+ (351 — Sz + Sua+ Stz — 4) x g a7)
o

ULHZI%—UOG—UIJO
— in St +3Sky + Spq + Spp — 4) % 2ot 1
—7+(— H1+3SH2 + Sp1+ Spo —4) * 3 (18)

It is difficult to distinguish the common current from the circulating current in
Figure 4b; therefore, the interpretation is carried out by dividing the common mode
(CM) circuit that generates a common current and the differential mode (DM) circuit that
generates the circulating current. Figure 5 illustrates the two-phase parallel three-level
converters divided into a CM circuit and a DM circuit. The voltages across the high side
inductors in the CM circuit have the same polarity, whereas those in the DM circuit have
the opposite polarity.
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Figure 5. Equivalent circuit for the analysis of circulating current.

The vcys expressed in Figure 5 is defined by the sum of the mean of v,, and vy,
and vp¢ (Equation (19)). In addition, vpy is defined by half of difference of v,, and vy,
(Equation (21)). Furthermore, these voltages can be expressed by switching functions as
given in Equations (20) and (22):

vem = w +v0G (19)
= (4= (SH1+SH2 + S11 + S12)) * v‘éut (20)
oy = — e e
= (51414;5}”) * Vout 22)

Here, v; 1 and v o can be expressed by Equations (23) and (24), using vcpr and vp,
respectively:

U:
ULH1 = % —Ucm + UpMm (23)
Ui
ULH2 = - —UCM —YDM (24)

Moreover, the high-side inductor voltage v i ¢ in the CM circuit can be expressed
as Equation (25) according to the Kirchhoff voltage law of the CM circuit:
v;
ULH CM = # —UcMm

Ui [
= "+ (Su1 + Spz + S11 + S12 — 4) x ¢ (25)

Figure 6 shows the switching waveforms (Sy1, Sgo, St1, and Sy) for the Z-type and
N-type interleaving method, the common mode inductor voltages (v g cnm), the differential
mode inductor voltages (vpy), and the circulating currents (ipy;). The common mode
voltages across high-side inductors for each module (v;f; c)) generate the common current,
and the differential mode voltages generate a circulating current.
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Figure 6. (a) Circulating current generated during Z-type interleaving; (b) circulating current
generated during N-type interleaving.

As shown in Figure 6, the time in differential mode operation for Z-type interleaving
is shorter than for N-type interleaving so that the circulating current for Z-type interleaving
is smaller than that for N-type interleaving. The increase in the circulating current increases
the ripple of the inductor current. Figure 7 illustrates the inductor current i; according
to the interleaving method. The inductor current ripple in Z-type interleaving is smaller
than that in N-type interleaving due to the small circulating current. This implies that
the inductor losses in Z-type interleaving can be smaller than that of N-type interleaving.
In the aspect of filter capacitor, however, different results may be obtained. This will be
discussed in the next section.

i, Non interleaving i, N-type interleaving i Z-type interleaving

N Ny N

Figure 7. Inductor Currents for interleaving methods.

3. Comparison of Interleaving Methods for Capacitor’s Current and Voltage
3.1. Impact of Interleaving on Capacitor Current Ripple of Parallel TLBC

The effect of interleaving of the two-phase parallel TLBC on the inductor current
is analyzed extensively in the reference document [18]. However, the effect on the filter
capacitor is not discussed. Therefore, in this study, the effect of the interleaving method on
the filter capacitor of the two-phase parallel TLBC is analyzed. The current ripple of the
filter capacitor is related to the rms value of the capacitor current that is proportional to
heat loss generated in the capacitor. Equation (26) represents the loss due to the equivalent
series resistance (ESR) of the capacitor:

PC Loss = itms * Rc EsR (26)
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Increased heat and loss adversely affect the capacitor lifespan and reduce the con-
verter’s efficiency. Capacitor is foremost among the causes of failure in converter modules;
therefore, a capacitor’s lifespan is directly related to that of the converter module [19]. The
current ripple of the filter capacitor is an important indicator of the converter’s lifetime.
Hence, it is essential to consider the effect of the interleaving methods on the current ripple
of the capacitor, which will be discussed in Sections 3.1.1 and 3.1.2.

3.1.1. Capacitor Current for Z-Type Interleaving

First, this section discusses the case of Z-type interleaving. Figure 3a illustrates the
operating modes and switching status for Z-type interleaving method. As mentioned
earlier, the high-side switches of each module operate prior to the low-side switches.

Based on the operation of the switch, a cycle of operational modes was divided into eight
states. As illustrated in Figure 8, the current of the high-side and low-side capacitors according
to the switching states the switch operation is expressed as Equations (27) and (28):

ircy = (1 —Sm) *ipm + (1 — Sp2) *ippe — Lo (27)

ircr = (1= Sp1) *ipp1 + (1= Sp2) *iprn — L. (28)

(b) State2 (c) State3 (d) State4

(e) State5 (f) State6 (g) State7 (h) State8

Figure 8. Operating modes and switching status for Z-type interleaving.

For example, in state 1, the high-side switch of module 1 and low-side switch of
module 2 are turn-on, and the positive terminal of the high-side capacitor is connected
to the high-side inductor of module 2 and the output terminal (see Figure 8a). Thus, the
current of the high-side capacitor ircy can be expressed as the difference between the
high-side inductor current of module 2 and the output current by Kirchhoff’s current
law. Equation (29) represents the current ircy flowing through the high-side capacitor at
state 1, as the difference of the high-side inductor current i jj, of module 2 and the output
current I,:

ircH = itH2 — o (29)

In addition, in state 3, only the high-side switches of module 1 and 2 (Sp1, Syp) are
turned on, and the positive terminal of the high-side capacitor is connected only to the
output terminal (see Figure 8). This implies that the inductor currents are separated from
the capacitors, and the output current is supplied by only capacitors. The current flowing
through the high-side capacitor ircp at state 3 is expressed as Equation (30):

ircy = —1I, (30)



Energies 2022, 15, 6

10 of 19

From this analysis, the current of the high-side filter capacitor in each state can be
obtained, as shown in Table 1. The current of the low-side filter capacitor can also be
obtained similarly. As shown in Table 1, the high-side capacitor current ircp in eight states
for Z-type interleaving can be expressed by the high-side inductor currents of modules 1
and 2 (ip 1 and ip o) and the output current lo.

Table 1. High-side capacitor current for eight operating states of a Z-type interleaving method.

State iFCH

1 irg2 — Io
itm2 — o
-1,
irm — b
irg1 — o
itg1 +itH2 — b

irg1 +itH2 — o

R NN O O ks WN

iLg1 +iLH2 — o

3.1.2. Capacitor Current for N-Type Interleaving

This section describes the capacitor current ripple for N-type interleaving. Figure 3b of
the previous section presents a switching pattern for N-type interleaving method. Unlike
Z-type interleaving (where the high-side switches of the two modules turn-on first and
then the low-side switches turn-on), the high-side and low-side switches of one module
turn-on first and then those of the other module turn-on in N-type interleaving.

As in the case of Z-type interleaving, a cycle was divided into eight states according
to the operation of the switch. As shown in Figure 9, in state 1, a high-side switch of
module 1 and a low-side switch of module 2 are turned on (this is similar to the case of
Z-type interleaving), and a positive terminal of the high-side capacitor is connected to
a high-side inductor of module 2 and an output terminal. Therefore, the current of the
high-side capacitor ircp can be expressed as the difference between the high-side inductor
current of module 2 and the output current using Kirchhoff’s current law. This is similar
to state 1, Equation (29) of Z-type interleaving. However, states 3 and 4 alongside states 6
and 7 appear differently. For example, in state 4 of Z-type interleaving, all of the high-side
switches of modules 1 and 2 are turned off. At this time, the positive terminals of the
high-side capacitor are connected to both the high-side inductors and output terminals
of modules 1 and 2. Therefore, the current of the top capacitor ircy in the corresponding
state can be expressed as the difference between the sum of the top inductor currents of
modules 1 and 2 and the output current. Equation (31) represents the high-side capacitor
current ipcy at state 4 during N-type interleaving as a function of the high-side inductor
currents of modules 1 and 2 (I; ;1 and I} f2) and the output current I,:

ircH = iLH1 Titm2 — o (31)

This is different from i; g1 — I, which is ipcp in state 7 of N-type interleaving. At the
remaining states 3, 6, and 7, the Z-type and N-type interleaving yield different results.
Table 2 illustrates the current of the high-side capacitor ircy in each state according to the
operating modes for n-type interleaving with the high-side inductor currents of modules
1 and 2 (i g1 and ip yp) and the output current I,.



Energies 2022, 15, 6

11 of 19

(a) State 1 (b) State 2 (c) State 3 (d) State 4

!

(e) State 5 (f) State 6 (g) State 7 (h) State 8

Figure 9. Circuit diagram according to the N-type interleaving switching operation.

Table 2. High-side capacitor current for eight operating states of the N-type interleaving method.

State ircH
1 itp2 — o
2 irH2 — Lo
3 itp2 — o
4 it +icpe — o
5 itg1 — o
6 itg1 — Lo
7 itm — b
8 irp1 titm — b

The capacitor current was analyzed for two types of interleaving methods. The current
ripple behavior for both interleaving methods appears differently due to a certain state in
Z-type interleaving, which is absent in N-type interleaving. The high-side capacitor current
of state 3, which exists only in the Z-type interleaving method, is equal to —I,. This is an
important contributing factor for the increase in the capacitor current ripple. Figure 10
illustrates the high-side capacitor current waveforms for each interleaving method. This
was verified in the simulation described in Section 4.

ey L ; b

(a) Z-type interleaving (b) N-type interleaving
Figure 10. Capacitor current waveforms.

3.2. Comparative Analysis of Capacitor Voltage

The disadvantages of Z-type interleaving control include not only an increase in loss
and a decrease in the lifespan of the capacitor due to an increase in the capacitor current
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ripple but a negative impact on EMI. Figure 11 shows the high-side capacitor voltages
according to the interleaving method.

Ve Non interleaving Ve Non interleaving Veey N-type interleaving
(a) Z-type interleaving (b) N-type interleaving

Figure 11. High-side capacitor voltage waveforms.

Figure 11 shows the high-side capacitor voltage waveforms for Z-type and N-type
interleaving. The capacitor voltage of Z-type interleaving has similar waveforms to the
conventional non-interleaving control, and the capacitor current is charged and discharged
once per cycle. However, the high-side capacitor charges and discharges twice per cycle
in N-type interleaving so that the capacitor voltage ripple is decreased. When the ripple
frequency is doubled, similar to the voltage of the high-side capacitor in N-type interleaving,
the cutoff frequency of the EMI filter can be increased. This enables the EMI filter size to be
reduced, thereby leading to price reduction [21].

3.3. Current Imbalance with Z-Type Interleaving by the Capacitor Voltage

The two interleaving methods differ in terms of control as well. First, the Z-type
interleaving method cannot evenly drive module currents with open loop drive. Open
loop drive means that the current or voltage of the converter have no feedback signals.
This implies that, in the absence of external disturbance, two module currents must be
the same under same duty. However, the inductor current imbalance occurs in the Z-type
interleaving control, so the inductor current is concentrated in the inductor of any one
module. so that the electric power is concentrated in one module. This results in higher
energy losses and heat generation. Furthermore, when the system operates at more than
half the rated load, the excess power over the rated power flows on one side only. This
can result in module destruction. Figure 12 illustrates the inductor current waveform
for each interleaving method. In the Z-type interleaving open loop drive, the electric
power is not evenly distributed to the modules, and the inductor current is concentrated
in module 1. On the other hand, it can be observed that imbalance does not occur in an
N-type interleaving open loop drive.

(a) Z-type interleaving control (b) N-type interleaving control

Figure 12. Current response in two modules for open loop drive.

The inductor current imbalance occurs due to the different voltages applied to the
inductors. To describe this phenomenon, Figure 13 illustrates the high-side and low-side
capacitor voltages vrcy and vpcp, inductor voltages vy 1 and v g applied to the high-side
inductor of each module; and a high-side inductor current of module 1 i}y with Z-type
interleaving under an open loop drive.
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Figure 13. Voltage and current waveforms for Z-type interleaving with an open loop drive.

States 1-8 in Figure 13 are defined according to the switching behavior of the Z-type
interleaving method. As described above, interleaving control of a module of two or
more phases generates a circulating current owing to differential voltage. The differential
voltages between two high-side and two low-side inductors are generated by the voltages
of the high-side and low-side capacitors, respectively. However, the capacitors repeatedly
charge and discharge according to the switching operation, so the potential of capacitors
continuously varies. The high-side inductor voltage of module 1 is positive in states 1, 2, 3,
and 7 and negative in states 4, 5, 6, and 8. During states 3, 6, 7, and 8, the current imbalance
does not occur because the same voltage is applied across the high-side inductors in both
modules 1 and 2. In states 1 and 2, inductor current of module 1 is more increased where
the voltage of the high-side capacitor is relatively high, and for states 4 and 5, the inductor
current of module 1 is less decreased where the voltage of the high-side capacitor is rela-
tively low. As a result, the current of the high-side inductor of module 1 gradually increases
as more positive and less negative voltages are repeatedly applied. This is opposite to the
scenario of the high-side inductor of module 2, the inductor current of module 2 is increased
by a relatively low voltage, and inductor current of module 2 is decreased by a relatively
high voltage. Therefore, the current of module 2 decreases gradually with repeated charg-
ing and discharging cycles. The more the cycle is repeated, the more severe the current
imbalance. In contrast, the N-type interleaving method does not cause a current imbalance.
Figure 14 illustrates the states according to the switching operation in the N-type interleav-
ing method.

In Z-type interleaving control, the voltages of the high-side capacitor in the states 1 and 2
for the module 1 inductor are different from those in states 4 and 5. In contrast, the current
imbalance does not occur during N-type interleaving control because the voltages of the high-
side capacitor states 1, 2, and 3 are equal to those in the states 5, 6, and 7.

As aresult, in open loop (non-feedback) drive, the Z-type interleaving method leads to
current imbalance. Hence, it is essential to control the closed loop with a current controller
in each module with the Z-type interleaving. In contrast, with the N-type interleaving
method, a relatively simple control method with low computation requirements, such as
an open loop drive or closed loop current control, may be used. This was verified by the
simulation described in Section 4.
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Figure 14. Waveforms observed when N-type interleaving is performed on a TLBC as an open loop.
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4. Simulation

In this section, to compare and analyze the effects of the interleaving methods of the
two-phase parallel TLBC, the circulating current and filter capacitor voltage and current
for each interleaving method are compared. The current imbalance is also investigated
for each control method. Table 3 presents the parameters used in the simulation. Two
converter modules with an input voltage of 1000 V and an output voltage of 1500 V were
operated under a load of 300 kW each (totally 600 kW).

Table 3. System parameter.

Parameter Value Unit
Rated Power 300 kW
Input Voltage 1000 \Y

Output Voltage 1500 \%
Load Resistor 3.75 @)
Inductance (L, L1) 0.25 mH
Capacitance (Cy, Cr) 900 uF
Switching Frequency 5 kHz
Number of Modules 2 -

Figure 15 illustrates the circuit diagram used for the simulation, where the circuit
consists of two-phase parallel TLBC with added low-side inductors connected to the neutral
point of the filter capacitors. Closed loop control was simulated to measure and control the
output voltage and inductor current, and the master—slave method was applied as parallel
control. The master controller transmits phase information for interleaving operations to
each slave controller and performs imbalance compensation control to match the voltages
across the high-side and low-side capacitors. Figure 16 presents the circulating current
ipp for two types of the interleaving method. As shown in Figure 16, the ripple of the
circulating current for Z-type and N-type interleaving control is approximately 70 A and
100 A, respectively. This indicates that the ripple of circulating current is larger in N-type
control, and, accordingly, the effective value and harmonic component are also larger in
this case.
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Figure 16. Comparison of circulating current by the interleaving methods.

Now, consider the filter capacitor voltage and current for Z-type and N-type inter-
leaving methods. Figure 17 shows the high-side filter capacitor current ircy and FFT
analysis for each interleaving method. As previously discussed, the filter capacitor current
ripple in Z-type interleaving is larger than that in N-type interleaving. Moreover, the rms
value of the capacitor current is in Z-type interleaving is larger (93 A) than that in N-type
interleaving (72 A). The results for the N-type interleaving method are affected increasing
the frequency of the fundamental wave component of harmonics to a double frequency.
Moreover, the magnitude of (major) harmonic component of N-type interleaving is reduced.
These are significantly lower than the fundamental component without interleaving as
well as the fundamental component of the Z-type interleaving method.

irc Non-interleaving irey-Z-type-interleaving i-c,, Non-interleaving iccyy N-type-interleaving
200 200
116A 104A 116A 104A
100 100 - . . .
0 0
N N N N N N
100y ™ ™ ™ -100 oK
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0.0992 0.0994 0.0996 0.0998 0.1 0.0992 0.0994 0.0996  0.0998 0.1
Time (s) Time (s)
(a) (b)

Figure 17. (a) Capacitor current for Z-type interleaving; (b) capacitor current for N-type interleaving.

The interleaving method affects also the capacitor voltage as well as capacitor current.
Figure 18 presents the capacitor voltage waveform vrcy for each interleaving method.
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Figure 18. (a) Capacitor voltage for Z-type interleaving; (b) capacitor voltage for N-type interleaving.

Figure 18 reveals that the voltage ripple of a filter capacitor in Z-type interleaving
control is larger than that in N-type interleaving, and that the ripple cycle is two times as
long in the former than in the latter. The simulation analyses described earlier used two
current controllers for each module in a voltage controller (see Figure 19a). However, for
N-type interleaving, as illustrated in Figure 19b, the average current of the two modules
can be controlled using a current controller. However, even in this case, Z-type interleaving
causes current imbalance, as discussed in Section 3.3.

¢ iHH |
v N outy .
ret Voltage Current uy |l pwMm TLBC
Controller Controller ”| Generator Module 1
J §
N\ s
Current ‘ PWM JL TLBC
Controller Generator Module 2
J §
Ti, _, |

(@

A

lHH +1HT2

Voltage |l Current | Duty PWM TLBC
Controller Controller Generator Module 1

Yo PWM TLBC
Generator Module 2

(b)

Figure 19. (a) TLBC with two current controllers; (b) TLBC with single current controllers.

First, as shown in Figure 19a, when single current controller is used per module, the
current is effectively divided for both interleaving methods without current imbalance
(Figure 20).

However, the different current response may be appeared when only one current
controller is used. Figure 21 shows the current waveform for two-phase TLBC with single
current controller for both interleaving methods. For the Z-type interleaving method, as
illustrated in Figure 21, the inductor current is concentrated in one module, similar to the
case of open loop drive. However, with the N-type interleaving method, the inductor
currents are evenly distributed in each module.



Energies 2022, 15, 6

17 of 19

600

400

200

0.02

0.04 0.08

0.06
Time (s)

0.1

0.02

0.04 0.06 0.08 0.1

Time (s)
(a) (b)
WL Lo L1 Lo
600 600
400 350A 337A 400 | 350A 354A
200 272A 242A 200 272K 245K
0 0
0.099 0.0992 0.0994 0.0996 0.0998 0.1 0.099 0.0992 0.0994 0.0996 0.0998 0.1
Time (s) Time (s)
() (d)

Figure 20. (a) Inductor currents for Z-type interleaving with two current controller; (b) inductor
currents for N-type interleaving with two current controller; (c) enlarged (a); (d) enlarged (b).
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Figure 21. (a) current imbalance occurring during Z-type interleaving control in single current
controller system; (b) current unbalance that does not occur during N-type interleaving control in a
single current controller system; (c) enlarged (a); (d) enlarged (b).

The following table compares the performance of TLBC according to the interleaving
method. According to each method, the rms current value of the filter capacitor (ipcp,ms),
the voltage ripple of the filter capacitor and whether the open-loop control is possible and
the efficiency were compared. In comparison, good things are highlighted with green, and
bad things are highlighted with red.

Efficiency analysis was also carried out by PSIM simulation, and ESR of passive
devices and forward voltage of IGBT were considered. Efficiency analysis was performed
and considered with the same ESR for inductor and capacitor. In this analysis, copper loss
was only considered for module loss. The N-type interleaving method has more inductor
loss than the Z-type interleaving method, but since the capacitor loss is reduced more
than that, the efficiency is good as a result. As a result, Table 4 shows that the N-type
interleaving method is better.
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Table 4. Performance comparison table according to the interleaving method.

Non- .
Interleaving Z-type N-type Unit
Interleaving Interleaving
ineiry,, 323 325 328 A
ircH,, 140 93 72 A
Av FCH 15 9 4 \Y%
open loop drive possible impossible possible
Efficiency 91.5 922 92.7 %
ine : better
: worse

5. Conclusions

In this study, the effect of two interleaving methods on a two-phase parallel three-level
bidirectional DC/DC converter was investigated. First, the current of the filter capacitor
was formulated through a switching function. Furthermore, the current and voltage of the
filter capacitor were investigated by analyzing the operating modes and switching status of
switches depending on the interleaving method. In the case of Z-type interleaving control,
there is a state in which the capacitor bears all of the output current. Thus, the ripple of
the current and voltage of the filter capacitor increases. Furthermore, the inductor current
imbalance occurs between two modules due to the difference in the inductor voltages
during the charging and discharging states of the high-side and low-side inductors under
open loop drive. In conclusion, the N-type interleaving method has more merits to control
parallel TLBC because it is superior to the Z-type interleaving method in terms of capacitor
of life, EMI noise, and convenience of filter capacitor control. This has been verified by
PSIM simulations, which will then be pursued through parallel control techniques for two
or more phases of TLBC and other topologies.
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