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On-line calculation method of an IGBT on-state loss of an MMC sub-module
based on a voltage and current characteristic curve
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Abstract: The insulated-gate bipolar transistor (IGBT) in a modular multilevel converter (MMC) mostly operates under high
voltage conditions, and a large-range sensor is required to measure the collector-emitter voltage. However, a large
measurement error will occur and this restricts the accurate calculation of the on-state loss. Therefore, an online calculation
method of on-state loss based on the voltage-current characteristic curve for the IGBT in the MMC sub-module is proposed.
First, two-dimensional and three-dimensional fitting of the relationship model between on-state voltage drop, collector
current and junction temperature is achieved based on the characteristic curve parameters of the IGBT and diode. Second, the
switching mode of the device in the unit current cycle is analyzed to realize the expression of the on-state loss. In addition,
based on the related theory of electric-thermal comparison, an equivalent thermal network model of the IGBT is constructed.
Then, comprehensively considering the device current, turn-on signal and case temperature, etc., the junction temperature is
corrected by feedback, and the online calculation method for the IGBT on-state loss is further formed. Finally, the
effectiveness of the proposed method is verified by experiment.
This work is supported by the Key Project of National Natural Science Foundation of China (No. 51637007).
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Table 4 IGBT sub-module working state and mode
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Table 4 Formula of the characteristic curve fitting
coefficient changing with temperature
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Table 5 Loss calculation formula

FERIER
IGj;'—:%} Fr= TEJ': [a(Tl’ 'IOQ(Ism)*’b(T‘) - +C(T,)]' I dt
A o
— I ° :?J.H [der, -109(15) + &) - N + fir 1 1@t +
TG %J.: [dery 109(14n) + €y - Diry + Firy 1 Lt
;;\E‘E?;f Poa =P +F

x5, P P Al IGBT. ZAREE—A
HILE I T WIS Py, NS ThFREFE.
2.3 AMEIREE

N Ty R ) L SR AR AS R R R R A
B, TR . 5] 9  IGBT B & i
T, &S % AHEM R T IGBT Bt #21
KEEER AR, FEARESH . BEE. #2. WMEE.
Bt I REGARRE . AT R, M
VUK Foster #5574 IGBT HELER )AL 31T 2654,
i 10 fios. B R — R, NSRRI C,—
C, FEE B 5E AR .

T
R =

=3

Rth\r
FEELE
| TEHR | r
[ SRR |
| A |
9 IGBT Z#a%IE

Fig. 9 IGBT structure cross-sectional view

Ry R Ry Ry

Ptut
7 T.
el C s Cs
10 IGBT #AM4EIEHY
Fig. 10 IGBT thermal network model

OB 5EHT Foster AT 7308 4 )=,
BH AR RN

Zthjc = i Ri ‘[1_ eXp(;__t)} (7)

s ROV § B B EEAE; ¢ AisT
W 7 IR AL
Zr BTk, IGBT 45 R TR RN
T, =Py -Z,, +T, (8)

Az, NERITEA ST

Bk, @), BT IiERaRE. L5
IR SEE B TSI A IR 5. TR R AR T
AR N, SR BHE A
2.4 MBEELITERE

IGBT K247 T IR PR ph i 2515 T
HARARAEE — XA IR MR, JESFERR
FEAN LT FRL 2 L8 IGBT HL e A FIR R Z IR, iR
FERER I MBREE S AN, B, 2T IGBT 47
P 2 b R R 25 B B —Ff IGBT I AR FETELL
THETT, ATSERT S IGBT JEAHURE, R
11 PR BEHH A AR MR EZ AR MMC

R FFRATTD G5 T FERT G AR |

HI . T

v Y Y v I
[itsovranie | [itsevorsie]  [rsevrisi] |H‘ﬁwm+bi.&ti
| [ | [ [ ‘
L |

BARIRAE

L B 2 R

IGBTE A T Tiew
N

[Tio—Tiesl <&

i th BUFE

El 11 IGBT BASIRFEELITERRE
Fig. 11 Online calculation process of IGBT on-state loss



-24 - ® A EREP B EH

FRERI . TFRES. GiRNGERSER. F—
A, WFARER R T T FEUPIRSEEAT R
HBEIRE, A I T N IE BB IRES,
M5 VDL $3FE, S0GHE VT2 #5ike; B Hmy
A B HFAEHONCIRES, W VTL i, &
M VD2 $ikE. thid i T EET% 5 1 IGBT K&
THE PR R SOR TR R D, HTER
—RIBVIE SARE. BRIV B BRE. SRR S
BAEN IGBT MR, FT 5 (8)sL IR
flithe fea, BAGTHE B GRSV A6 13 e g5k
ITEREE, FRZE/ANT €(0.05 °C), JlFr H I A
PFE; HIRZERT e WK ICHT PS5BS THEEAR
BIEIERIVIGER IR, o EEE, W sZEl IGBT
IHABFERE LT 5.

3 SCIGUGE

TR 12 Froxitl MMC #2378 S2i6-F S 4R 4,
7t Matlab/Simulink P53~ #8205 BAL R0 BT 7
EIAT T, WK 13 Fis. BAMBIEE T 3 i s
55 G HEATIRAE, W& 14 Fios . B iisfT S29e 1)
H 2 96 UE 3 18 75 B 2 1E & 18 AT 244 A i 47 far
A N HEEAT RS, MIEAR A& F 2T
I3 WAL IR IE 5 IE AT 26 A N TR R ) IGBT
FE, 6 P LW 6 AR,

IAAAS!
DC+

12 B ESEYE T S
Fig. 12 Topology of the converter valve test platform

M4

1p—
. Discrete 1
M5 ’—.Mg
1p- (t | 1
< -
o o s B e
M6 T H M2
] L - X
b 1 o<
M7 M1
1
-b 1
= ol == N e

: (R
e T

& 13 Matlab/Simulink {7E
Fig. 13 Matlab/Simulink simulation

[ 14 #URRSE T & ScE
Fig. 14 Converter valve test platform
®6 IWBITIR
Table 6 Test operating conditions
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Table 7 Loss calculation results under the conditions of

working condition 1

, O LR e B
mie O g e O g e
W W

VTl 11.73 12.09 3.01 14.81 15.35 3.52

VD1 81.4 83.73 2.79 85.04 87.04 2.30

VT2 10.1 10.64 5.11 9.509 8.941 6.35

VD2 5.087 5.46 6.92 4,982 5.312 6.21
HIFE  108.31 111.92 3.22 114.3 116.64 1.97
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Table 8 Loss calculation results under the conditions of

working condition 2

‘ 15 AR FE A SERAR R

il X o - POE 4 . -

EZis A S RE% A SE RZE%
VTl 3002 3185 5.76 3791 39.99 5.20
VD1 2083 21453 2.87 217.7 23361  6.81
VT2 2585 26.14 1.11 2434 2584 5.80
VD2  13.02 1351 3.64 1275 1352 5.70
MARHEE 2772 286.03 3.06 2927  312.95 6.47
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Table 9 Loss calculation results under the conditions of

working condition 3

, 1 ELARRERR SIS
el Ei S RE% Ei S RFE%
VTl 68.77 73.86 6.89 71.68 75.19 4.67
VD1 399.97 412.72 3.09 411.5 423.59 2.83
VT2 48.88 52.26 6.47 46.02 48.95 5.99
VD2 24.62 24,91 1.19 24.11 25.31 4.74

MFFE  530.24 549.75 3.55 553.4 573.04 3.43
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Table 10 Loss calculation results under the conditions of

working condition 4
17 AR FERE
%ﬁ - " - e/
I TR T
ME A

VT1 11396 11648  2.16 1263 12034 499
VDl  693.16 73466 565 7045 68239 325
VT2 79184 8178 3.17 7165  70.44 1.72
VD2  39.88 4177 452 4193 4108 2.07

MAPFE 926.18  974.69 4.98 9445  914.25 3.31

SR AR
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Table 11 Loss calculation results under the conditions of
working condition 5
o - 7 LA B -
AR o ST RE% o Sl
VT1 17559 18586 553 1712 18051  5.16
VD1 96098 10166  5.48 9830 10230 391
VT2 11656 12445  6.34 1099 11496  4.38
VD2 58.8 60.37 2.60 5759  60.85 5.36
M 13119 13873 544 1321 13793 418

KR e

REI%

F 12 TR 6 FHTHHRFEITELSER
Table 12 Loss calculation results under the conditions of
working condition 6
P B RGR

P ;ﬁ gl % Zﬁ S
VTl 251.68 26792  6.06 23696 24118 175
VD1 13024 13255  1.75 1360  1459.1  6.75
VT2 1416 14736 391 1521 15641  2.73
VD2 81392  86.83 6.26 7971 81.39 2.06
MPEE 17770 18276 2.77 1829 19381 561
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