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Background pcim

B With the access of many types of DC electrical equipment, there is an urgent need to build a DC
power distribution system !

B MVDC-LVDC DC/DC converter is the key technology of medium voltage and low voltage DC
bus interconnection !
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Existing high power step-up DC-DC converter L.

Voltage/Power: |

B Classical low voltage DC-DC converter

* Power supply applications under low voltage and low power
e Can’t readily be scaled up to hundreds of kilovolts and megawatt power ranges due to the limitations of

losses, cost, dv/dt, filter and voltage ratings of the semiconductors

Phase Shifted
Full - Bridge
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Existing high power step-up DC-DC converter R
Voltage/Power: | |

B Input-parallel output-series configuration

IpaB

V=

/  Power (F
reverse Hard

switching

ISOP (@DDual active bridge (DAB) @Series resonant converter (SRC)

* Two main power modules * The circulating current * Wide voltage regulation is not allowed

* Hard switching, high switching loss * Large number of high-voltage capacitors

» A massive number of transformers with onerous requirement for high insulation
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Existing high power step-up DC-DC converter L.

Voltage/Power: | m_

M DC-DC converter based on MMC B FTF-MMC
o . ) sm| Jsm]| SM| Qa— » Jsm| Jsm| Fsm| ;
| - N Upper Valve Volta I — St
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Un|[— t+—— | é Up

sm| Jsm| Jsm| sm|
sm| Jsm| Jsm| sm|

§oEte

2] e
| i
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* Many power devices and large losses: half of the SMs are always bypassed at any time

* A large capacitance and volume: SM capacitors are charged or discharged by significant arm current for a long time

* The step-down ratio is dependent on the transformer: unsuited to wide voltage regulation
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The proposed topology and operation principle PS™m,

L Ry In ® Diode
Qi Q _Dl1 _[)22 v low conduction loss
KE KE P . .
Lin L 7 v" high-power density
' § ] U,
U i " v high current rating
Q3e Q4 S, + \ 4 " L 4
3 } 4@; % s, S, ® Arm:
St l ° v high controllability of the voltage and
current waveforms
B LVDC side: IGBT rectifier v ZCS-enabled IGBT operation
B Transformer: around S00Hz ® IGBT rectifier:
B MVDCside: Diode valves + Arms (cascaded v’ Eliminates tail current losses
by half bridge SMs) v Reduces switching stress
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The proposed topology and operation principle PS™m,

B The proposed High-Power Step-Up DC Transformer topology

I Iy B TS o S o7 o P
- g ° 4 Diode currents
g L, E L, In - :
Ql Q2 D D Ip1 in2
4 4 Kl 2 0 1
K} K} 1:n Lk VAN N IGBT currents
T g L - remseasenes e
UL e Un [ o iy
Q1 Q : ' |
3 4 Y Y 4 Arm voltage
4% 4(} i o i +/ Sl + Sz U g Ugy o= Uusy _'
| - }’,/’/_/ - M l----l': : R R B o oed
_ == | I | o
B QOutput Current waveforms design: Un—nU, t
. 0 >
Interleaved trapezoidal waveform — smooth DC currents . Arin current .
3 IL/n_IM st ___l_S_Z ........... t
B Voltage modulation: G \ N . >
. ] . . _I 4 ™ 1" = R 2
Similar to two-level modulation — lower capacitance ~I/n soooeeeeed
B High controllability of the arms f Transformer currents
IL/n :
Arm coordinated commutation — IGBTs ZCS t
0 \
Adjust the duty cycle of SMs — wide voltage range regulation 172
—IL/n
t Lt Lty 15 le t71g
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The proposed topology and operation principle PS™m,

B Operation principle
_ Tose  TENEOs T

IL IM
° = - —> ° 4+ Diode currents
'L Iy : _
Ql Dl Ip1 ip2
- Ly 0 1
1 I /N IGBT currents
| 1:n L A L| | p— ] e - SXAG
| «Niice ) [ i ,:' l' ‘\‘
A i U 0! ! S N
Q4 Y A 4 Arm voltage L
3 Usy S T S 2 i
< s] s o [} ]
: | 1 0 :
(a) to~1 UM—nU(% t
B Constant current stage: p Aricurrent . o
IL/l’l_IM ---------------- t;
* TwoIGBTs Q; & Q, (iy;=I,) , and one diode D, are in on-state , \ )
—_ M 4 . - ----'l -
(p1=Iw) ~Ii/n
* One arm S, needs to support the MV-side voltage (ug,=U,,) . 1 Transformer c“l-fre“ts
L3 L n
* Another arm S, needs to control transformer current, sustains
. 0 b
the voltage difference (ug,= Uy—nU,;>0) 12
—IL/n

h Lt Kt 15 fe L1 13
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The proposed topology and operation principle  PS™M,

Ivi
- ° It Diode currents
M
Ll L2 iDl iDZ
D1 D2 0 L
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L , jrmeeemmnaes B PRTRTENS
lo1 ," Q2
Pa\ 6 Un 0 - L
+ ¥J" + Arm voltage ;
- U el
s.] s ow [ - ! ]
I | . :
(b) t1~t4 Un—nUy. t
0 >
B Diode Commutation Stage: y Arm current i
. . . IL/l’l_IM 3 S ] t;
* Arms produce opposite voltage (Uy) across corresponding diode. 0 \ : ’ :
_I ’l ‘\ l" -
Inductors L; of the two phases — linear commutation —I/n -eooeeomee
* One diode D, current rises from 0 to 7;, where the other diode D, 4 Transformer currents
. Ii/n L
falls from 7, to 0 with the same rate -
0 L
172
~Iu/n ly Lt Gl s te 1113
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The proposed topology and operation principle PS™m,

B S TS oY N S 7S o F
IL IM
° > 4+ Diode currents
2 L In . -
Q2 D2 Ip1 In2
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"K} o L Z& IGBT currents
1 -n k _ A III - ESCTEEEECLTTTEREETTEEES
g . lQ1 ," i
Uy, §§ L Um 0 : - t
Q3 A v + Arm voltage
"K} S, S, Uu |k st P e e SO ot 1
: | 1 0
(C) t4~t7 UM_HUL ¢
B IGBT Commutation Stage: 0 ”
4 Arm current .
* Arms produce opposite voltage (Uy) across corresponding IGBT  I/n-Iy L , I : t
leakage inductors L, I—I/M NS . \_ R
—I./n
« IGBT current rises from 0 to 7,
G QZ&Q4 M 4 Transformer cu.rrents
* IGBT conduction duty cycle determines the operating frequency I,/n d
_ 0 L
BT 4T, +T,) s
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Control strategy peim,

DC voltage control & the arm
————————————————————— energy balance control

AT | feedforward control, the arm voltage
modulation wave 1s obtained.

IDj,ref/IM

: DC voltage control :
| Ui v l Generate transformer current and diode
aan P/ current reference signals i, ¢ & ip; s
i i: . Current control
O :: ’ i I @ ' i vef = Ipjret = lsjrer» Prform closed-
':: — e :' | iy Current control ol sf-;’,’,'ﬁs T loop control on the bridge arm current
Arm energy balance control i i i psc. | —*|sM and diode current. Then with the Voltage
ke |
|

Pl

SMs voltage balance control

I I
! !
I
: : Uc’ﬂ_' X - :
I I
/! Uc(n isj |
UC,avg | : C( ) T_ sign(x) <i |
I I

» SMs and IGBT valves control
PWM modulation & capacitor voltage
balanced control — SMs driving signals
& trigger signal of IGBT valves.
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Simulation Verification B s

B Steady state simulation results

(S000Adiv) |
Simulation parameters

1 I I I U2 0 Vidi) @) \ | T
Parameters Simulation | T3 Viaw) | /-\ ! / I". / \". / | ".I |
Power rating P 7.8MW Atk ) 1 f | \ \ | |

L{4004/div) |
LV'Side V0|tage UL 1.2kv ) ! _ B ik |'.-|._ ! — _1
MV-side voltage U,, 20kV Pht 1 | | —\ /7 —u \ ’ ]

Transformer frequency f 500Hz M_/\_/\_/\_/\ ) H ]
Transformer turn ratio n 1:14 J \ J ] { |
» N R O e ]

No. of SMs per arm N 25 ' : L p— '
| | | | | i i (1004 div)
Duty cycle of IGBT conduction a 0.42 — 11— mlwdm llr___'\ e ,f"_""' o I,.___..._1II F"_""
SM capacitance Cgy, 1.92mF I {\ N = ,"‘—'—‘lﬁl '\ I Iﬂ' @ LN > /{
[ i ' |
Average SM capacitance C voltage U, 1kV I'u, { L || | K | | \ / { | | 'I.\ | { . \ \‘
AN AN \|"H| [ ] ol | /' | | |
PWM carrier frequency f;, 2500Hz A \"-,| A ! \| \.,| \\". ! : ' ' ' :
Inductance L; 200uH | \ Il\\ }\ \\k | ! s /,.\ {-'-Du_:;ih}.
Leakage Inductance L 100uH h'll \ Vo || \l || l\\ l || I'| || ] @ ' '
| | | | .
Commutation time T, 240us - '| || I'I || '| I| \ U I'l || I| I| II '| || I| |
o v v ovu /. /I
Voltage changing time T, 50us L | . . | . | | . |
 The current of the transformer and the diode are interleaved trapezoidal waves |
— 1, is continuous and smooth «

* The commutation process of IGBT and diode are linear.
* LV side IGBTs and SMs achieve ZCS
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Simulation Verification

B Dynamic simulation results

Simulation parameters | l l l l l l : : : . : : — e e
Parameters Simulation - U;%?%,Vo{gl)v)
IL($0kA/d1v) (d)
Power rating P 7.8MW 1,,(400A/div) |
. »_
LV-side voltage U, 1.2~0kv @
" LN (TR AL ||||II I
MV-side voltage Uy 20kV A —
Transformer frequency f 500Hz L L L L L L L L L - (100A/div)
‘ ' ' ' ' ' (50V/div) ; ; i
Transformer turn ratio n 1:14 (e) i b
No. of SMs per arm N 25 (b) _
Duty cycle of IGBT conduction a 0.42
SM capacitance Cg), 1.92mF L . . . . . . . . ] L | 004 /dix i
Average SM capacitance C voltage U, 1kV [ ) ' ' ' ' © o (5000A/div) | (f) |
i i
PWM carrier frequency f, 2500Hz © { q II
Inductance L; 200uH
Leakage Inductance L, 100uH > : : : . . . . . . (5kV/d1V)
Commutation time T, 240us
(®
Voltage changing time T, 50us
* U, changes in a wide range, U,, is constant ¢ (10ms/div)

* Linear commutation, ensuring the smooth transition
* As U, decreases, the capacitance voltage fluctuation of the SM will increase.
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Conclusion

B Topology combines the modular multilevel arm, IGBTs and diodes with low cost and high power density,
which has the advantages of high efficiency, low cost and light weight.

B The IGBTs on the LVDC side achieve zero-current turn-off with a wide soft-switching range, eliminating
the drawbacks of high turn-off losses and current stress caused by IGBT tail current, thereby enhancing
the efficiency and reliability of the DC transformer.

B On the MVDC side, a combination of diodes and submodule arms is adopted, this configuration enables
wide voltage range regulation and high-quality current control.
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Jiahui He

24 September 2025
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