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Abstract

A novel family of Buck mode three-level direct ac converters with a high frequency link is proposed. These converters can
transfer an unsteady high ac voltage with distortion into a regulated sinusoidal voltage with a low THD at the same frequency.
The circuit configuration is constituted of a three-level converter, high frequency transformer, cycloconverter, as well as input
and output filters. The topological family includes forward, push-pull, half-bridge, and full-bridge modes. In order to achieve a
reliable three-level ac-ac conversion, and to overcome the surge voltage and surge current of the cycloconverter, a phase-shifted
control strategy is introduced in this paper. A prototype is presented with experimental results to demonstrate that the proposed
converters have five advantages including high frequency electrical isolation, lower voltage stress of the power switches,
bi-directional power flow, low THD of the output voltage, and a higher input power factor.
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l. INTRODUCTION

In recent years, ac converters have become widely used in
various industrial domains. However, recent research on ac
converter technology has mainly focused on two-level ac
converters and ac-dc-ac type multilevel ac converters [1]-[4].
The former includes ac converters with and without electrical
isolation such as ac choppers, thyristor phase-controlled
cycloconverters and matrix converters. The latter includes ac
converters with no electrical isolation as well as those with
low or middle frequency electrical isolation.

Nowadays, ac converters are required for both low-voltage
input applications and high-voltage input applications. In
these fields, the multilevel technique has been effectively
used to reduce voltage stress with an improved output voltage
quality. The multilevel technique was first proposed in dc-ac
inverters [5]-[15]. Then it was developed in dc-dc converters
and ac-dc rectifiers [16]-[20]. So far, the multilevel technique
used in ac converters has been mainly limited to ac-dc-ac
type ac converters. These converters usually have many
shortcomings such as too many power conversion stages,
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unidirectional power flow, low input power factor, and weak
adaptability to various loads. Several multilevel direct ac
converters were proposed in [21]-[25]. These converters have
advantages such as a single power conversion stage (LFAC-
LFAC), bi-directional power flow, higher input power factor,
lower voltage stress of the power switches, and strong
adaptability to various loads. However, they all have no
electrical isolation. Therefore, a novel high frequency isolated
half-bridge three-level AC/AC converter was proposed to
improve multilevel direct ac converters [26].

A novel family of Buck mode three-level direct ac
converters with a high frequency link is proposed in this
paper. In order to achieve reliable three-level ac-ac
conversion, a strategy for phase-shifted control is also
presented. The converters proposed in this paper have two-
stage power conversion (LFAC-HFAC-LFAC), a bi-directional
power flow, and a higher input power factor when compared
with ac-dc-ac type TL ac converters. These converters have
lower voltage stress of the power switches when compared
with two-level ac converters. In addition, they have a more
compact structure when compared with those with low or
middle frequency electrical isolation. However, their
efficiency is influenced by high switching device counts.
These converters are targeted to be used on a new type of
regulated sinusoidal ac power supply, electronic transformers
and ac regulators, where high-voltage input and high frequency
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electrical isolation and/or bidirectional power flows are
needed.

Il. PROPOSED TOPOLOGIES

The circuit topological family of Buck mode three-level
direct ac converters with a high frequency link is proposed, as
shown in Fig. 1. All of the proposed converters have the same
circuit configuration, which is constituted of a three-level
converter, high frequency transformer, cycloconverter as well
as input and output filters. The converters can transfer
unsteady high ac voltage with distortion into regulated
sinusoidal voltage with a low THD at the same frequency.
The topological family includes the forward mode,
interleaving forward mode, push-pull full-wave mode, push-
pull full-bridge mode, half-bridge full-wave mode, half-bridge
full-bridge mode, full-bridge full-wave mode and full-bridge
full-bridge mode. These converters have advantages such as
high-frequency electrical isolation, two-power conversion
(LFAC-HFAC-LFAC), a bi-directional power flow, a higher
input power factor, strong ability to differentiate loads, lower
voltage across power switches, and soft commutation of the
cycloconverter.

A comparison of the proposed topologies is shown in
Table I. From Table I, it can be seen that the voltage stress
for all of the topologies can be lowered more than that of
two-level ac converters. It can also be seen that the full-
bridge full-bridge mode topology is better suited for a larger
power output.

I11. CONTROL STRATEGY AND
STEADY PRINCIPLE

The phase-shifted control strategy of the proposed
converters is presented. Taking the push-pull full-wave mode
circuit topology shown in Fig. 1(c) as an example, S;, and S,,
are the leading-arm power switches, and S,, and Ss, are the
lagging-arm power switches. There is a phase difference 6 of
(0~180°) between the leading-arm and the lagging-arm of the
three-level converter. In addition, the voltage across the
output filter uag is a uni-polarity SPWM voltage. The output
voltage u, can be adjusted and kept stable by adjusting 6
sinusoidally when the input voltage u; or the load R, varies.

By using phase-shifted control between the leading-arm
and the lagging-arm of a three-level converter, a three-level
voltage across the high frequency transformer can be
achieved, and the cycloconverter can commutate when the
bi-polar three-level high frequency ac voltage from the
three-level converter is zero. Therefore, the voltage across the
power switches of the three-level converter is lowered, and the
current of the output filter inductor is naturally commutated.
The ZVS of the cycloconverter can be realized, and the surge
voltage and surge current of the cycloconverter are overcome.

Before analyzing the steady principle, the following

assumptions are made: (1) the inductors, capacitors, and
resistors are ideal devices; (2) the power switches are ideal
control devices; (3) the delay time of the switching is
neglected. Principal waveforms within one switching period
Ts (ti~ty3) are shown in Fig. 2 (the control strategy of the
negative half cycle is the same as that of the positive half
cycle). From Fig. 2, it can be seen that the flux in the high
frequency transformer is balanced over each switching period.
During one T, there are twelve switching modes in the CCM
shown in Fig. 3.

Another switching cycle starts at t;3. Therefore, there is a
total of three levels (u;, 0, -u;) in the voltage across the high
frequency transformer, and the power switches of the
cycloconverter can realize ZVS soft commutation.

Fig. 4 shows equivalent circuits of the twelve switching
modes during one T, where r includes the equivalent
resistance of the high frequency transformer, the on
resistance of the power switches, the parasitic resistance of
the filter inductor and so on.

Since the switching frequency f; is sufficiently higher than
both the cut-off frequency f. of the L:C; filter and the
modulation frequency f, (i.e. the frequency of u;and u,), the
state-space averaging method can be used to establish the
equations of iy U, and u;. By using this, the output
characteristic in the actual state (r # 0) and the CCM is given
by:

| =DUN. 1 @
N, R +r

U= DUN, 1 (2)
N, 1+r/R

In (1) and (2), D is the duty cycle of the SPWM voltage uag
across the output filters during one T,. From (2), the output
characteristic in the ideal state (r=0) and the CCM is given by:

U, = DUiNs/Nl (3)

Similarly, the output characteristic in the ideal state (r=0)
and the critically CCM is given by:

l, =4lgnD(1-D) (4)

G max

The output characteristic in the ideal state (r=0) and the
DCM is given by:

U, 4D*+1,/1

2
Uy - _4D° N, )
Nl

G max

In (4) and (5), I, is the load current, Igmax iS the maximum
value of 1, in the critically CCM and Igma=U;N,T, /(16N,L; ).

IVV. DESIGN CONSIDERATIONS

The design specifications of the push-pull mode TL ac
direct converter are defined as follows: input voltage
U;=198-242V/(50Hz) ac, output voltage U,=110V(50Hz) ac,
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Fig. 1. Circuit diagrams for the proposed topological family. (a) Forward mode. (b) Interleaving forward mode. (c) Push-pull full-wave
mode. (d) Push-pull full-bridge mode. (e) Half-bridge full-wave mode. (f) Half-bridge full-bridge mode. (g) Full-bridge full-wave
mode. (h) Full-bridge full-bridge mode.



410

Journal of Power Electronics, Vol. 18, No. 2, March 2018

TABLE |
COMPARISON OF THE PROPOSED TOPOLOGIES

performances active passive voltage stresses of voltage stresses of .

components components voltage gain
. three-level converter cycloconverter
topologies count count

N N, DN, R,
12 4 1+-2 J2u,,., —3.2v, =T
forward mode ( Nlj N, i max N, r+R,

interleaving N, N, U 2DN; R,

forward mode 20 4 [1+ N, }Euimax N, fu'max N, r+R_

pUSh'pU” &2 2U. DN3 RL

full-wave mode 12 4 V2V N, 2V, N, r+R_

push-pull N, 2U. DN, R,
full-bridge mode 16 4 \/EU“W N, IU'"“’" N, r+R,
; N
half-bridge 16 s V2u,., Ny, DN, R,
full-wave mode 2 N1 2Nl r+R,
half-bridge full-bridge J2u, N, V2 DN, R,
20 5 imax 22U
mode 2 N, 2 2N, r+R,
full-bridge 2y, N pu. N;1+D5,-D, R,
full-wave mode 28 ° . N, V2, N, 2 r+R,
full-bridge full-bridge V2u, N, V2 N;1+D,-D, R,
32 5 imax 22U e
mode N, 2 N, 2 r+R,
A and UABZO.
t=t4-ts: Sea and Sgp are turned on with ZVS at t,; iy; still flows

Sia o through Sgp, S4a(Daa)s S2ar San(Dap), and un,=0; i flows through

Soa t _ Ssa Ssn(Dsp), and uag=0. This time interval is the commutation

Sua t overlap time of the cycloconverter to guarantee the continuity of

T i|_f.

S ™ t=ts-tg: Sz, and Sy, are turned off with ZVS at ts; iy; flows
Ssa. Ssb P through Syy, S22(D2a), Saar San(Dap), and uno=0; i+ flows through
Sea. Seb ] - Sear Sen(Dep), and uag=0.

t t=tg-t;: S,q is turned off with ZVS at tg; iny flows through Sy,
Hoo. e — Sap(Dap), Sany Daa, and unz=0; iy flows through Se,, Sen(Dep), and
uag=0.

| ™ M ™ t=t;-tg: Sz, is turned on with the voltage u; at t7; iy, flows
T through Ssa Sgb(D3b), Ssa S4b(D4b)| and Un1=-Uj; iLf still flows

N | T through Sg,, Sep(Dep), and uag= UiN4/N.
Unso e — t=tg-ty: Ssa is turned off with ZVS at tg; the voltage across Sy,
A Y increases quickly from 0 to u;; in; begins to flow through Sg,

Fig. 2. Principal waveforms within one switching period Ts.

t=t;-t,: The power switch Sy, is turned on with the voltage u; at
ty; the current of the primary windings of the high frequency
transformer iy; begins to flow through Si,, Sip(Dip), Soar San
(D4p), and the voltage across the primary winding uy,=u;; the
current of the output filter inductor i ¢ flows through Ss,, Ssp(Dsp),
and the voltage across the output filters uag=u;iNa/N,.

t=t,-t3: Syais turned off with ZVS at t,; the voltage across Si,
increases quickly from 0 to u;, and the voltage across S,
decreases quickly from u; to O; iy; begins to flow through S,
Daa, Szar Sop (Dab), and unp=0; ip¢ begins to flow through S,
Ssp(Dsp), and Uae=0.

t=ts-t;: SsqiS turned on with ZVS at t3; iy flows through Sy,
S4a(Dsa), Szar San(Dap), and unp=0; i+ flows through Ss,, Ssp(Dsp),

S3y(D3y), Sip, Di1a and uni=0; iy s begins to flow through Sg,,
Sen(Deb), and upp=0.

t=tg-tyo: Sia IS turned on with ZVS at tq; iy; flows through Ss,,
S3(D3p), Sab, S1a(D1a), and un;=0; i flows through Sg,, Sen(Dep),
and uag=0.

t=t;o-t11: Ssaand Sgpis turned on with ZVS at ty; iy Still flows
through Sz,, Sap(Dab), Sip, S1a(D1a), and un;=0; i ¢ flows through
Sear Sen(Dep), and uae=0. This time interval is the commutation
overlap time of the cycloconverter.

t=ty;-t5: Sga and Sgp is turned off with ZVS at ty;; iy flows
through Si,, Sin(Dib), Sab, Sza(Dza), and un;=0; i flows through
Ssa Ssb(Dsp), and uag=0.

t=ty,-t13: Ss,is turned off with ZVS at ty,; iy flows through Sy,
Slb(le)v Ssp, D3a, and Un1=0; i|_f flows thl’OUgh Sk, S5b(D5b), and
uag=0.
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Fig. 3. Twelve switching modes in the CCM during one switching period Ts. (a) [t1- t2]. (b) [t2- t3]. (c) [t3- t4]. (d) [t4- t5].
(e) [t5- t6]. (f) [t6- t7]. (g) [t7- t8]. (h) [t8- t9]. (i) [t9- t10]. (j) [t10- t11]. (k) [t11- t12]. (I) [t12- t13].
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Fig. 4. Equivalent circuits in the CCM during one T. (a) State 1.
(b) State 2.

normalized capacity S=500VA, maximum duty cycle
Dmax=0.8, pulsating current of is A i <0.1x/2I current

of the output filter capacitor ics <0.05l,ma, and equivalent
resistance of the converter r=0.5Q.

To ensure the operation of the converter, the circuit
parameters including f,, the high frequency transformer, C;,
Ls and S;,~Sg, are determined as follows.

A. Determining the Switching Frequency fs

The higher the switching frequency f; is, the less the filters
will be at a cost of more switching losses. Therefore, f;is
chosen to be 50kHz as a trade-off.

B. Determining the High Frequency Transformer

From (2), the turn ratio of the high frequency transformer
Na/N; is given by:
N, V2 AU, r
(+=—)
N \/_Ulmm max RL,min
2x11
R
\2x198 0.8 24.

Some losses including conduction losses and switching
losses of the power switches are considered. Therefore, N3s/N;
is selected as 0.7.

A LP3 PM74 core with a 5100Gs saturated flux is selected
for the transformer, whose effective magnetic circuit area is
$=6.37cm?. For its operating flux density AB=2B,=2400Gs,
the turns of the high frequency transformer’s primary
windings are given by:

\FUI min on max

Ny =N, = =g 0°




Novel Buck Mode Three-Level Direct AC Converter with a High Frequency Link 413

 \2x198%0.4/(50x10°) , 5
= ooseay 0 =1465 @)
Then, N; and N, are chosen to be 15.
From (6) and (7), the turns of the high frequency
transformer’s secondary windings N3 and N, are chosen to be

11. Therefore, N1/N»/N3/N,=15/15/11/11.

C. Determining the Output Filter Capacitance C;

With the value of Cs increasing, the THD of the output
voltage u, decreases. However, the reactive component of the
output current and the loss of the converter increase. When
limited to ics <0.051, max, Ct is determined by:

 5%P, . 5%x500
TUZ.2zf,  110°x27x50

The maximum

=658(uF)  (8)

f

voltage across G

is \/§U0,max
=+/2x110=156 (V). Therefore, C; is chosen as 4.7uF/450V.

D. Determining the Output Filter Inductance L¢

With the value of L; increasing, the THD of the output
voltage u, decreases. However, the dynamic response of the

system becomes slow. Limited to A is<0.1x+/21,,, , L must
satisfy:
L. > \Eui.min N3/N1_ﬁuo T
f = AiLf on-max
_198V2x1115-110y2 04 _ 620(uH) )

0.1x+/2x500/110 ~ 50x10°

Then L¢is selected to be 650uH. An LP3 PM62 core is
selected to be the output filter inductor, whose effective
magnetic circuit area is S=4.9cm’. For its operating flux
density B,,=3300Gs, the turns of the output filter inductor is
given by:

N — Lf ILf,peak ><108
B,S

L, x110%x+/2, /(wcfuo)z + (P, /U, 10
= o o X
B S

_0.65x107° x 7'1><1
3300x4.9

N is selected to be 29 turns. The air gap of the magnetic
core is given by:

0°=285 (10)

_ 4rx107 x29° x4.9x10™*

8= NS/ 0.65%10°

=0.8(mm) (11)
E. Determining the Power Switches

Based on the steady principle, the maximum voltage across
the power switches of the three-level converter is
VU, ., =2 x242=342(v) , Which is only half that of two-level

push-pull converters. The rms current of the power switches
of the three-level converter is:

Fig. 5. Designed and developed prototype.

N
I =1, x105%

1

= (€ U Py fU,)7 12 105%

1

= 4.56x11/15x105% = 3.51(A) (12)

Then, MOSFETs IRFP460 (500V/20A) are chosen for the
power switches Sy;~Sgp.

The maximum voltage across the power switches of the
cycloconverter is 2x\/2U, . N,/N, = 2x 2 x 242x11/15=502(V).

The rms current of the power switches of the cycloconverter
is 1,=1,/v2=323(A). Then, fast IGBTs FGA20N120FTD

(1200V/20A) are chosen for the power switches Ss,~Sg,.

V. PROTOTYPE

The designed and developed prototype shown in Fig. 5 is
as follows: push-pull mode circuit topology, phase-shifted
control strategy, normalized capacity S=500VA, input
voltage U;=220V+10%(50Hz) ac, output voltage U,=110V
(50Hz) ac, switching frequency f=50kHz, LP3 PM74
magnetic core for the high frequency transformer, turn ratio
N1/N»/N3/N,=15/15/11/11, output filter inductance L;=650uH,
output filter capacitance C=4.7uF/450V, MOSFETs
(IRFP460) for S;,~Sy,, fast IGBTs (FGA20N120FTD) for
Ssa~Sep, and load power factor cose = -0.75~+0.75.

The developed prototype has good comprehensive
performances: the normalized capacity S=500VA,
U;=198~242V(50Hz) ac, the load power factor range cosp, =
-0.75~0.75, U,=110 £ 1V, f,=50Hz, the output voltage
THD<3.5%, the conversion efficiency at the normalized
different nature load is more than 80.0~87.0%, the line power
factor at the normalized different nature load is more than
0.670~0.998, the DC component of u, is less than 0.1V, and
the operational time is 120 min at a 110% normalized load.
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Fig. 6. Principle test waveforms of the proposed converter. (a) CH2: uN1 (200V/div); CH1: iN1 (10A/div); t(5ms/div). (b) CH2: uN1
(196V/div); CHI: iN1 (9.8A/div); t(20us/div). (c) CH2: uAB (200V/div); CH1: iLf (10A/div); t(10ms/div). (d) CH2: uAB (146V/div);
CH1: iLf (1.46A/div); t(18us/div). (e) CHL: trigger voltage ugsla of the power switch Sla (20V/div); CH2: voltage udsla across Sla
(200V/div); t(5ms/div). (f) CH1: trigger voltage ugs5b of the power switch S5b(20V/div); CH2: voltage uds5b across S5b (200V/div);
t(10us/div). (g) CH1: input voltage ui (200V/div); CH2: reference voltage uref (5V/div); t(5ms/div). (h) CH1: uo at a resistive load
(100V/div); CH2: io at a resistive load (5A/div); t(10ms/div). (i) CH1: io at a RL load (5A/div); CH2: uo at a RL load (100V/div);
t(10ms/div). (j) CH1: io at a RC load (2A/div); CH2: uo at a RC load (100V/div); t(10ms/div).

[+—vi=19ev —=—vi=z20V Ui=242]

= 0.88

Po(Wh
(@)

| ——i=198V  —=—Ti=Z220V Ui=24Z2V

CORQy

b
Fig. 7. Conversion efficiency gn)d line power factor versus the
load at different input voltages. (a) Conversion efficiency n
versus output power P, at different input voltages u;. (b) Line
power factor cosg; versus output power P, at different input
voltages u;.

Experimental waveforms of the proposed converter are
shown in Fig. 6. As shown in Fig. 6(a) and Fig. 6(b), the
voltage across the transformer uy; is a bi-polarity three-level
(ui, 0, -u;) high frequency voltage, and the flux in the high
frequency transformer can be balanced over each high
frequency switching cycle. From Fig. 6(c) and Fig. 6(d), it
can be seen that the voltage across the output filter usgis a
uni-polarity SPWM voltage. Fig. 6(e) shows that the voltage
across the three-level converter is the input voltage, which is
only half that of the push-pull mode two-level ac converter.
From Fig. 6(f), it can be seen that the power switches of the
cycloconverter can realize ZVS. Fig. 6(g), Fig. 6(h), Fig. 6(i)
and Fig. 6(j) show that the output voltage u, has a much
lower THD than the input voltage u;, and that the converter
has strong adaptability to various kinds of loads.

Curves where the conversion efficiency and the line power
factor vary with the load at different input voltages are shown
in Fig. 7. From Fig. 7, it can be seen that the converter has a
higher conversion efficiency and a line power factor. With
the output power increasing, both the conversion efficiency
and the line power factor of the converter increase, and they
reach their maximum value at the nearest normalized
capacity.

VI. CONCLUSIONS

In this paper, a novel family of Buck mode three-level
direct ac converters with a high frequency link is proposed.
The converters can transfer unsteady high ac voltage with
distortion into regulated sinusoidal voltage with a low THD
at the same frequency. The circuit configuration is constituted
of a three-level converter, high frequency transformer,
cycloconverter, and input and output filters. The topological
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family includes the forward mode, interleaving forward mode,
push-pull full-wave mode, push-pull full-bridge mode,
half-bridge full-wave mode, half-bridge full-bridge mode,
full-bridge full-wave mode and full-bridge full-bridge mode.
By introducing a phase-shifted control strategy with the
commutation overlap of the cycloconverter, the three-level
ac-ac conversion and lower voltage stress of the power
switches can be reliably achieved. In addition, the surge
voltage and surge current of the cycloconverter are overcome.

This paper also describes the design and development of a
prototype of a 500VA 220V+10% 50Hz ac/110V 50Hz ac
converter. Experimental results are provided to show that the
converters can reduce the voltage stress of the power
switches, so that it is only half that of traditional two-level ac
converters. The obtained experimental results also show that
the input power factor is more than 0.670~0.9998 at the
normalized capacity. This is much better than ac-dc-ac type
TL ac converters that have an input power factor of 0.6~0.7.
Furthermore, the low THD of the output voltage, the function
of the bi-directional power flow and high frequency electrical
isolation are also demonstrated in this paper.

ACKNOWLEDGMENT

This work was supported by Natural Science Foundation of
China (61673219), Natural Science Foundation of Jiangsu
Province (BK20161499), Six Talents Peak of Jiangsu
Province (XNYQC-CXTD-001) and the Fundamental Research
Funds for the Central Universities (30920140122005).

REFERENCES

[1] H. Keyhani and H. A. Toliyat, “Isolated ZVS high-
frequency-link AC-AC converter with a reduced switch
count,” IEEE Trans. Power Electron., Vol. 29, No. 8, pp.
4156-4166, Aug. 2014.

[2] U. Nasir, M. Rivera, A. Costabeber, and P. W. Wheeler, “A
Venturini based modulation technique for a newisolated
AC/AC power converter,” IECON 2016 -42nd Annual
Conference of the IEEE Industrial Electronics Society, pp.
6243-6248, 2016.

[3] T. Friedli, J. W. Kolar, J. Rodriguez, and P. W. Wheeler,
“Comparative evaluation of three-phase AC-AC matrix
converter and voltage dc-link back-to-back converter
systems,” |IEEE Trans. Ind. Electron., Vol. 59, No. 12, pp.
4487-4510, Dec. 2012.

[4] C. Li, Y. Deng, Z. Lv, W. Li, X. He, and Y. Wang,
“Virtual quadrature source-based sinusoidal modulation
applied to high-frequency link converter enabling arbitrary
direct AC-AC power conversion,” IEEE Trans. Power
Electron., Vol. 29, No. 8, pp. 4195-4208, Aug. 2014.

[5] G. P. Adam, I. A. Abdelsalam, K. H. Ahmed, and B. W.
Williams, “Hybrid multilevel converter with cascaded
H-bridge cells for HVDC applications: operating principle
and scalibility,” IEEE Trans. Power Electron., Vol. 30, No.
1, pp. 65-77, Jan. 2015.

[6] J. Rodriguez, M. M. D. Bellar, and R. R. S. Munoz-

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Journal of Power Electronics, Vol. 18, No. 2, March 2018

Aguilar, “Multilevel-clamped multilevel converters,” IEEE
Trans. Power Electron., Vol. 27, No. 3, pp. 1055-1060,
Mar. 2012.

K. K. Nallamekala and K. Sivakumar, “A fault-tolerant
dual three-level inverter configuration for multipole
induction motor drive with reduced torque ripple,” IEEE
Trans. Ind. Electron., VVol. 63, No. 3, pp. 1450-1457, Mar.
2016.

A. Nami, J. Liang, F. Dukhuizen, and G. D. Demetriades,
“Modular multilevel converters for HVDC applications:
review on converter cells and functionalities,” IEEE Trans.
Power Electron., Vol. 30, No. 1, pp. 18-36, Jan. 2015.

Z. Li, P. Wang, H. Zhu, and Y. Li, “An improved pulse
width modulation method for chopper-cell-based modular
multilevel converters,” IEEE Trans. Power Electron., Vol.
27, No. 8, pp. 3472-3481, Aug. 2012.

M. Sharifzade, H. Vahedi, R. Portillo, M. Khenar, A.
Sheikholeslami, L. G. Franquelo, and K. Al-Haddad,
“Hybrid SHM-SHE pulse amplitude modulation for high
power four-leg inverter,” IEEE Trans. Ind. Electron., Vol.
63, No. 11, pp. 7234-7242, Nov. 2016.

H. Zhao, T. Jin, S. Wang, and L. Sun, “A real-time
selective harmonic elimination based on a transient-free,
inner closed-loop control for cascaded multilevel inverters,”
IEEE Trans. Power Electron., Vol. 31, No. 2, pp. 1000-
1014, Feb. 2016.

D. Peftitsis, G. Tolstoy, A. Antonopoulos, and J.
Rabkowski, “High-power modular multilevel converters
with SiC JFETs,” IEEE Trans. Power Electron., Vol. 27,
No. 1, pp. 28-36, Jan. 2012.

L. Zhang, K. Sun, Y. Xing, and J. Zhao, “A family of
five-level dual-buck full-bridge inverters for grid-tied
applications,” IEEE Trans. Power Electron., Vol. 31, No.
10, pp. 7029-7042, Oct. 2016.

N. D. Weise, G. Castelino, K. Basu, and N. Mohan, “A
single-stage dual-active-bridge-based soft switched AC/DC
converter with open-loop power factor correction and other
advanced features,” IEEE Trans. Power Electron., Vol. 29,
No. 8, pp. 4007-4016, Aug. 2014.

M. M. C. Merlin, T. C. Green, P. D. Mitcheson, D. R.
Trainer, R. Critchley, W. Crookes, and F. Hassan, “The
alternate arm converter: a new hybrid multilevel converter
with dc-fault blocking capability,” IEEE Trans. Power Del.,
Vol. 29, No. 1, pp. 310-317, Jan. 2014.

H. Yang and M. Saeedifard, “A capacitor voltage balancing
strategy with minimized ac circulating current for the
DC-DC modular multilevel converter,” IEEE Trans. Ind.
Electron., Vol. 64, No. 2, pp. 956-965, Feb. 2017.

S. Du, B. Wu, K. Tian, D. Xu, and N. R. Zargari, “A novel
medium-voltage modular multilevel DC-DC converter,”
IEEE Trans. Ind. Electron., Vol. 63, No. 12, pp. 7939-7949,
Dec. 2016.

A. Gandomkar, A. Parastar, and J. Seok, “High-power
multilevel step-up DC/DC converter for offshore wind
energy systems,” IEEE Trans. Ind. Electron., Vol. 63, No.
12, pp. 7574-7585, Dec. 2016.

J. Napoles, A. J. Watson, J. J. Padilla, J. I. Leon, L. G.
Franquelo, P. W. Wheeler, and M. A. Aguirre, “Selective
harmonic mitigation technique for cascaded H-bridge
rectifiers with nonequal dc link voltages,” IEEE Trans. Ind.
Electron., Vol. 60, No. 5, pp. 1963-1971, May 2013.



Novel Buck Mode Three-Level Direct AC Converter with a High Frequency Link 417

[20] A. Moeini, H. Iman-Eini, and A. Marzoughi, “DC link
voltage balancing approach for cascaded H-bridge active
rectifier based on selective harmonic elimination-pulse
width modulation,” IET Power Electron., VVol. 8, No. 4, pp.
583-590, Apr. 2015.

[21] D. Divan, J. Sastry, A. Prasai, and H. Johal, “Thin ac
converters-a new approach for making existing grid assets
smart and controllable,” in Proc. IEEE Power Electron.
Spec. Conf., pp. 1695-1701, 2008.

[22] D. Divan and J. Sastry, “Control of multilevel direct ac
converters,” in Proc. IEEE Energy Convers. Congr. Expo.,
pp. 3077-3084, 2009.

[23] Y. L. Meng, P. W. Wheeler, and C. Klumpner, “Space-

vector modulated multilevel matrix converter,” IEEE Trans.

Ind. Electron., Vol. 57, No. 10, pp. 3385-3394, Oct. 2010.

[24] L. Li, J. D. Yang, and Q. L. Zhong, ‘“Novel family of
single-stage three-level ac choppers,” IEEE Trans. Power
Electron., Vol. 26, No. 2, pp. 504-511, Feb. 2011.

[25] L. Li and D. C. Tang, “Cascade three-level ac-ac direct
converter,” IEEE Trans. Ind. Electron., Vol. 59, No. 1, pp.
27-34, Jan. 2012.

[26] J. Zhu and L. Li, “Novel high frequency isolated
half-bridge three-level AC/AC converter,” 2011 6th IEEE
Conference on Industrial Electronics and Applications, pp.
1583-1587, 2011.

Lei Li was born in Shandong Province,
China, in 1975. He received his B.S. degree
from the Department of Electrical
Engineering, Shandong  University  of
Science and Technology, Jinan, China, in
1997; and his Ph.D. degree from the
Department of Electrical Engineering,
Nanjing University of Aeronautics and
Astronautics, Nanjing, China, in 2004. He is presently working
as an Associate Professor in the College of Automation
Engineering of the Nanjing University of Science and
Technology, Nanjing, China. He has written one book and
published more than 140 technical papers. He has received one
first class award for the production of science and technology in
Jiangsu Province. He has also obtained thirteen Chinese patents.
His current research interests include multilevel techniques, high
frequency power conversion, and control techniques.

N |
)

)
,
-

Yue Guan was born in Heilongjiang, China.
She received her B.S. degree in Applied
Physics from the Nanjing University of
Science and Technology, Nanjing, China, in
2014, where she is presently working towards
her Ph.D. degree in Electrical and Electronic
Engineering. Her current research interests
include DC-AC inverters, high-frequency
inverters and multi-level inverter topologies.

Kunshan Gong was born in Zhejiang
Province, China, in 1992. He received his
B.S. degree from the School of Energy and
Power Engineering, Nanjing University of
Science and Technology, Nanjing, China, in
2015, where he is presently a Postgraduate
Student in the School of Automation. His
current research interests include power
electronic converters and multilevel inverters.

Guanggiang Li was born in Nanjing, China.
He received his B.S. degree in Electrical
Engineering and Automation from the Nanjing
University of Science and Technology,
Nanjing, China, in 2016, where he is presently
working towards his M.S. degree in Power
Electronics and Power Transmission. His
current research interests include DC-DC
converters, multilevel converters/inverters and PWM converter
systems.

Jian Guo received his B.S. degree in
Electrical Technology and his Ph.D. degree in
Control Theory and Control Engineering from
the Nanjing University of Science and
Technology, Nanjing, China, in 1997 and
2002, respectively. Since 2002, he has been
with the School of Automation, Nanjing
University of Science and Technology, where
he became a professor in 2013. His current research interests
include power electronics, intelligent systems and motion control.



