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Calculating Power Loss from Measured Waveforms

This application note describes how to calculate the power loss of a SiC MOSFET from measured switching waveforms in a

switching circuit with a SiC MOSFET.

Measurement of switching waveforms

Figure 1 shows a switching circuit and probes for monitoring
waveforms. The voltage between the drain and source of the
MOSFET is measured using a differential voltage probe. In
addition, a current probe is used for the drain current.

Figure 2 shows the waveform of each component and the
power loss is shown (shaded area). ton and tor represent the
turn on and turn off times, respectively. The switching loss
occurs where Vps and Ip overlap in these sections. During the
turn ON, since this circuit has an inductance load, Ip starts
changing first and then Vos starts changing after the current
change is completed. During the turn OFF, on the other hand,
Vps starts changing first and then Ip starts changing after the
voltage change is completed. Next, Ton is the section where
the MOSFET is in an ON state, and conduction loss occurs
due to Ip and the on-resistance of the MOSFET.

The latest oscilloscopes may automatically compute the
shaded area and display the power loss. However, you need
to calculate the power loss from the measured waveforms
when using oscilloscopes without this function.
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Figure 1. Switching circuit and probes for monitoring

waveforms

The following are cautions for the measurement. The first point
is the sampling number of the oscilloscope. The detail of the

waveforms cannot be captured with an insufficient sampling
number, causing an error in the measurement result. It is
necessary to display the sampling points and check whether
the waveforms are traced accurately. The second point is that,
since the characteristics of the delay time are different
between the voltage and current probes, the measured
waveforms include an error due to this difference in delay.
Without correction, deviation is produced along the direction
of the time axis between voltage and current, resulting in an
incorrect shaded area in Figure 2. This leads to a larger or
smaller loss than the actual value, giving erroneous results. To
eliminate the difference in delay from the measurement
system, it is necessary to perform a skew correction (de-skew).
For the method, refer to the instruction manuals of the
measuring instruments or the technical materials of the
manufacturers of the measuring instruments.
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Figure 2. Waveform of each component and power loss

(shaded area)
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Calculating Power Loss from Measured Waveforms Application Note

Approximate calculation for waveforms

VGS(ON)* —
From the measured waveforms, calculate the power loss by

dividing them into sections where a linear approximation can Vesorn t

be performed. First, calculate power losses Pton and Ptoff to be Ios(of . Iaofy

consumed during the turn on and turn off times, respectively. Ip2(or) Io3(0n)

Ib

The power loss is calculated with the approximate equations
in Table 1. Since the calculation formula depends on waveform
shapes, select one that is close to the shape of the measured | | t

Diton) D3(offy

waveform.

<

bsion)  VDS2(of)
In the example of the waveforms shown in Figure 3, divide the

VDS

waveforms during the turn ON into two sections, and use case
2 in Table 1 for the former section (ton1). In addition, use the

equation under Ip1 := 0 as the condition. For the latter section Vbs2(on) DS1(off) ¢
(ton2), use the equation under Vps2 := 0 in case 3. Although
voltage is produced by the on-resistance of the MOSFET and
Ip in Figure 3, Vbsz(on) is treated as 0 if it is sufficiently small
relative to the High voltage of Vbs. As a result, the power loss

during the turn ON can be approximated with the following L —

equation. t
q ton1|tonz orra otz

ton Ton ot Tore

1
f

Pton = EVDSMOn) IDZ(an) ton1 f T=

1
+ EVD.S‘l(an)(Z IDZ(an) + ID3(011)) tonz f (1)
Figure 3. Example of switching loss waveforms

Similarly, divide the waveform during the turn OFF into two
sections, and use the equation under Vps1 := 0 in case 1 for Vesion—
the former section (tofr1). For the latter section (tof2), use the |_
equation under Ipz := 0 in case 8. Although voltage is produced Ves(orr)

in Figure 3 for the same reason as mentioned above, Vps1(off) i

|
is treated as 0 if it is sufficiently small relative to the High sk p2On

Io

voltage of Vps. As a result, the power loss during the turn OFF
can be approximated with the following equation.

1
Progr = ¢ Vosator) (Ibacorp) + 2 In2corp) togsr f

1
+§Vnsz(off) Ipacoss) tosra f 2

Next, calculate the power loss to be consumed during

conduction. Figure 4 shows an example of the waveforms to
determine the conduction loss. Since the MOSFET is
energized in the Tov section, Vos is the product of the on-
resistance of the MOSFET and |.. Refer to the data sheet for =
the value of the on-resistance. To calculate the power loss,

select one of the cases in Table 2 where the shape is close to t
ton Ton toft Torr

1
f

the waveform and use the approximate equation.
T=

For this example, case 1 in Table 2 is used. The conduction

loss can be calculated with the following equation. Figure 4. Example of conduction loss waveforms

1
Poy = 3 Ron (Iptiony + Ip1om) Ip2comy + Insiomy) Ton f (3)

© 2020 ROHM Co., Ltd. No. 62AN134E Rev.002
2/30 JUNE 2022



Calculating Power Loss from Measured Waveforms

Application Note

Next, calculate the power loss when the MOSFET is turned
OFF. In Figure 4, the MOSFET is turned OFF in the Torr
section. Since Ip is sufficiently small, the power loss is

considered to be 0.

The power loss of the MOSFET is the sum of the power

losses calculated so far.

PD=Pt0n+Ptoff+P0N (W] €))
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Table 1. Calculation formulas of switching loss using linear approximation for each waveform shape

Variation in Vps with time

Vbs1<Vbps2 Vbs1=Vbs2 Vbs1>Vbs2
Vbs2 | | | Vps(t) | Vbs1
4 A Hupelesg |8 N
Vps(t) ' Vos: i i i i Vbs2 !
Variation in Ip with time 'T: t =& t :T' t

Case 1 (see Appendix A)

Case 2 (see Appendix B)

Case 3 (see Appendix C)

P =~ See Equation (A) below 1 P ~ Equation (A) below
quation (4) P~ =Vosi(oy +Ip) A f () quation (4)
Ip1<Ip2 2
Vps1 =10, Ip1 =0,
| 1 Ip; =0, 1
Io2 P = 3 Vpsa Upy + 2 Ipy) At f 1 P = 3 (Vps1 + 2 Vpsy) Ipz At f
R \ ! P = EVD51 Ipz At f
O | : Ip; =0, Vpsz =0,
Iot) ¥ ! 1 1
| o1 : P = 5 (Vps1 + 2 Vpsz) Iny At f P = EVDSI(Z Ipt +Ipy) At f
' At | t
Ips =:1 0,Vpsz =0,
P = EVDSI Ipy At f
e Case 4 (see Appendix D) Case 5 (see Appendix E) Case 6 (see Appendix F)
p1=lp2
1 P = Vpgy Ipg At D 1
P~ E(Vnm + Vps2) Ip1 At f (B) psilp1 ALS ) P = 3 (Vps1 + Vps2) Ip1 At f (B)
I I
| |
e ID(t)-¢u¢- Vpbs1 1= 0, Vbs2 1= 0,
E E I 5 Vpsz2 Ip1 At f I zEVD51 Ipy At f
| |
-t
1 At 1
Case 7 (see Appendix G) Case 8 (see Appendix H) Case 9 (see Appendix I)
P ~ Equation (A)below 1 P ~ Equation (A) below
Io1>I02 1 P = EVD51(1D1 +Ip)Atf (0) 1

Ip; =0,

Vps2 =0,

1 Ip; =0, 1
P ~— (2 VD51+VDSZ) 1D1 Atf bz 1 P z_VD51(2 ID1+ID2) Atf
6 P~ =Vpsy Ipg At f 6
A ~ 2 DS1 ‘D1
- VDSl =0, 1D2 :=1 0,
P ~e Vpsz (Ip1 + 2 Ipy) At f P “g(z Vps1 + Vps2) Ip1 At f

Ipz ==1 0,Vps1 =0,
P = 6 Vpsz Ip1 At f

1 1 1
P = [g(VDm —Vps2)Up1 — Ipz) — 2 Ip1(Vps1 — Vps2) — 2 Vbsi(Up1 — Ip2) + Vps1 Ip1 | At f

@)

where, £ Switching frequency [Hz]
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Table 2. Calculation formulas of conduction loss using linear approximation for each waveform shape

Variation in Ip with time

Ip1<Ip2

o |

ID(t) : Ib1

At

Ip1=Ip2

| |
I|D1 |D2 |

I
|
— L
1 At 1

In(t)

Io

Ip1>Ip2

|
|
|
|
|

1 IDZ |
| |
)

' At

Case 1 (see Appendix J)

1
P~ =Ron(pf +Ip1 Ips + IpF) At f - (E)

3

Case 2 (see Appendix K)

P =Roy Ipi2 At f

(F)

Case 3 (see Appendix L)

1
P~ —Ron(pf +Ip1 I + IpF) At f - (E)

3

where, Roy. On-resistance of MOSFET [Q]

£ Switching frequency [Hz]

© 2020 ROHM Co., Ltd.

5/30

No. 62AN134E Rev.002
JUNE 2022




Calculating Power Loss from Measured Waveforms

Application Note

Calculation example

Calculate the power loss from the measured switching
waveforms (Figure 5). Enlarged waveforms during turn ON,
conduction, and turn OFF are shown in Figures 6, 7, and 8,

respectively.
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Figure 5. Switching waveforms to be used for power loss
calculation
SiC MOSFET SCT3040KR manufactured by ROHM
Switching frequency 200 kHz

Figure 6 shows the enlarged waveforms during the turn ON.
Since the slope changes in the middle of the waveforms,
divide them into sections with the same slope. However, this
division is subjective due to complexity of the waveforms. For
each section, read the start voltage and current, the end
voltage and current, and the time. Substitute the values into

Equation (A) in Table 1 to calculate the power loss.

An example of calculating the power loss during the turn ON
is shown below. Here, the waveforms are divided into sections
t1 to t5.

1 1
Py = [g(VDm = Vps2)Upy — Ipz) — 3 Ip1(Vps1 — Vps2)
1
3 VpsiUp1 — Ip2) + Vpss 11)1] At f
1 1
= [5(800 —800)(0—6.8) — 5 x 0(800 — 800)

1
3 % 800(0 — 6.8) + 800 x 0] 7.8n x 200k = 4.2 [W]

1 1
P, = §(800 —710)(6.8 -10.7) — 5 X 6.8(800 —710)

1
—5X800(68 ~10.7) + 800 X 6.8|4.2nx 200k = 5.5 [W]

1 1
Piy = | 3(710 — 389)(10.7 - 49.5) — - x 10.7(710 — 389)

1
—5X710(10.7 ~ 49.5) + 710 X 10.7] 24.9 X 200k = 77.2 [W]

1 1
Py = 5(389 —83)(49.5-31.6) — 5 % 49.5(389 — 83)

1
-3 % 389(49.5 — 31.6) + 389 X 49.5] 13n x 200k = 26.1 [W]

1 1
Pis = | 3(83 — 18)(31.6 —8.7) — = x 31.6(83 - 18)

1
-3 x 83(31.6 —8.7) + 83 x 31.6] 7.9n x 200k = 1.8 [W]

Peon = Pe1 + Py + Pz + Py + Pis
=42+55+772+261+1.8
= 1148 [W]
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Figure 6. Enlarged waveforms and measured values in each

section during turn ON

Figure 7 shows the enlarged waveforms during conduction.
Here, substitute the values into Equation (E) in Table 2 to
calculate the power loss. For the on-resistance of the

MOSFET, use the maximum value from the data sheet.
1 2 2
Poy = §RON(ID1 +1Ipy Ipz +IpS) AL f
1
=3 68 m(152 + 15 x 28.7 +28.72)2.49u x 200k

=167 [W]
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Figure 7. Enlarged waveforms and measured values during

conduction
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Figure 8 shows the enlarged waveforms during the turn OFF. The total power loss can be calculated with the following
The power loss is calculated with the same procedure as equation.
during the turn ON.

P = Pion + Pon + Prosr

An example of calculating the power loss during the turn OFF
=1148+16.7+ 63.8

is shown below. Here, the waveforms are divided into sections

= 195.3 [W]
t1 to 8.
Py =15 [W] P, =93 [W]
Pt3 =99 [W] Pt4 =14.6 [W]
P = 7.8 [W] P = 7.0 [W]
P, = 8.0 [W] P = 5.7 [W]
Piopr =15+93+99+146+78+7+8+57 =63.8[W]
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Figure 8. Enlarged waveforms and measured values in each
section during turn OFF
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Appendix A

Calculation of switching loss (when the waveforms of Io and Vos are increasing)

From voltage Vbs between the drain and source and drain current Ip, calculate the power loss (switching loss) during turn ON

and turn OFF using linear approximation. The waveforms to be used for the loss calculation are shown in Figure A-1.

Io

VDS

Figure A-1. In(t) and Vbs(t) in period 0-t1

Power loss P in period 0-t1 shown in Figure A-1 can be generally calculated with the integration of the product of the current and

the voltage as shown in Equation (A-1).

t1
P=f f 15 (6) Vs (£) dt -1
0

where, £ Switching frequency [Hz]

In addition, Io(t) and Vbs(t) can be represented with Equations (A-2) and (A-3) from the slopes in Figure A-1.

Ipy —1 Iy —1
ID(t)=1D1+—D2t D1t=ID1——D1t D2 ¢ A-2)
1 1

Vps2 — Vps1 Vps1 — Vs
Vps(t) = Vpsy + — t =Vps1 — — t (4-3)
1 1

Substitute (A-2) and (A-3) into (A-1).

h Ipy — Ip; Vps1 — Vpsz
P = ff (1}_‘)1 - 7t t) (VDSI _7t t) dt
0 1 1

bt Ip1(Vps1 — Vps2) + VpsiUp1 — Ipz) (Vps1 — Vps2)Up1 — Ipz)
_ ff (Vns1 Ipy — ps1 ~ Vps2 - ps1tp1 ~Ip2) - Wos1 Dstz2 p1~ Ip2 t2>dt
0 1

(A-4)

(A-5)

© 2020 ROHM Co., Ltd.
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Appendix A (continued)

Perform the integration according to the formula.

] ¢
1151 (Vpsy =V, +V Ip;1 — 1 1 (Vps1 — V; Ip; — 1 !
P = f|Visi Iy t —= p1(Vps1 — Vbs2) + Vpsi(p1 — Ipz) .2 +_( Ds1 DSZZ)( p1— Ip2) .3 (4—6)
_ 2 t 3 2 .
—f -VD51 Ips ts _% Ip1(Vps1 — VDsz)t‘l' Vps1(Up1 — Ip2) 2 +% (Vps1 — VDstzz)(Im —Ipz) tf] a-7
L 1 1
r 1 1
= f|Vps1Ip1 &1 — E(IDl(VD51 = Vps2) + Vps1Upy — IDZ))tl + §(VDS1 = Vps2)Upy — IDZ)tl] (A-18)
1 1 1
= §(VD51 = Vps2)Up1 — Ipz) — 5101(‘/051 = Vps2) — EVD.Sl(IDl —Ipz) + Vps1 1131] t f W] (A-9)
where, £ Switching frequency [Hz]
Next, calculate the power loss under the conditions below.
Vps1 =0 (A-10)
Substitute (A-10) into (A-9).
1 1 1
P = [5(0 = Vps2)Upy — Ipz) — EIM(O — Vps2) — > X 0(Ipy —Ipz) + 0 X Ipg |ty f (4A-11)
1 1
= [_§VDSZ(ID1 —Ipy) + 5101 Vpsa|t1 f (A-12)
1
= gVDSZ(IDl +21Ip)t f (W] (A-13)
Ipy =0 (A—14)
Substitute (A-14) into (A-9).
1 1 1
pP= [g(VDm = Vps2)(0 — Ipz) — 3 X 0(Vps1 — Vps2) — EVD51(O —1Ipy) + Vpsy X0ty f (A—15)
1 1
= [§(VD51 = Vps2)(=Ipz) + EVD51 Iz)z] tf (A—16)
1
= E(VDSI +2Vpsa) Ipz ty f W] (4-17)
© 2020 ROHM Co., Ltd. No. 62AN134E Rev.002
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Appendix B
Calculation of switching loss (when the waveform of Ip is increasing and Vbs constant)

From voltage Vbs between the drain and source and drain current Ip, calculate the power loss (switching loss) during turn ON

and turn OFF using linear approximation. The waveforms to be used for the loss calculation are shown in Figure B-1.

Io

Figure B-1. Ip(t) and Vobs(t) in period 0-t1

Power loss P in period 0-t1 shown in Figure B-1 can be generally calculated with the integration of the product of the current and

the voltage as shown in Equation (B-1).

ty
p=f f 15 (6) Vs (£) dt B-1)
0

where, £ Switching frequency [Hz]

In addition, Io(t) and Vbs(t) can be represented with Equations (B-2) and (B-3) from the slopes in Figure B-1.

Ipy —1 Iy —1
ID(t)=1D1+—D2t D1t=ID1——D1t D2 ¢ (B-2)
1 1

Vps(t) = Vps1 (B-3)

Substitute (B-2) and (B-3) into (B-1).

2 Ipi—1
P = fj (101 - %t) (Vpspdt (B-4)
0 1
t V Ing — 1
_ fj (VDSIIDl _ ps1Up1 Dz)t dt (B —5)
0 ty
© 2020 ROHM Co., Ltd. No. 62AN134E Rev.002
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Appendix B (continued)

Perform the integration according to the formula.

] ¢
1V Iny — 1 t
P = f|Vosi Ipat — 57"“( = p2) tz] (B—6)
L 1 0
[ 1 Vps1(Up1 — Ipz)
= fVps1Ip1 &1 — T tf B-7
| 1
r 1
= f|Vps1Ip1 &1 — E(VD51(ID1 - IDZ))tl] (B-8)
1
= EVD51(ID1 +Ip)t: f 4 (B-9)

Next, calculate the power loss under the conditions below.

Ip; =0 (B —10)

Substitute (B-10) into (B-9).

1
P = EVD51 Ippty f (W] (B-11)

© 2020 ROHM Co., Ltd. No. 62AN134E Rev.002
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Appendix C

Calculation of switching loss (when the waveform of Ip is increasing and Vbs decreasing)

From voltage Vbs between the drain and source and drain current Ip, calculate the power loss (switching loss) during turn ON

and turn OFF using linear approximation. The waveforms to be used for the loss calculation are shown in Figure C-1.

Figure C-1. Ip(t) and Vbs(t) in period 0-t1

Power loss P in period 0-t1 shown in Figure C-1 can be generally calculated with the integration of the product of the current and

the voltage as shown in Equation (C-1).

t1
P=f f 15 (6) Vs (£) dt -1
0

where, £ Switching frequency [Hz]

In addition, Io(t) and Vbs(t) can be represented with Equations (C-2) and (C-3) from the slopes in Figure C-1.

Ipy —1 Iy —1
ID(t)=1D1+—D2t D1t=1D1——D1t D2 ¢ Cc-2)
1 1

V -V
Vps(t) = Vpsy — %t €c-3)

Substitute (C-2) and (C-3) into (C-1).

h Ipy — Ip; Vps1 — Vpsz
P = ff (1}_‘)1 - 7t t) (VDSI _7t t) dt
0 1 1

t IDI(VD51 - VDSZ) + VDSl(IDl - IDZ) (VDSI - VDSZ)(IDl - IDZ)
= ff (VDS1 Ips — I t+ " t? |dt
0 1

€-4

(€-=5)
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Appendix C (continued)

Perform the integration according to the formula.

- ¢
1 Ip1(Vpsy — V; +V, Ip; — 1 1 (Vps1 =V, Ip; — 1 !
P = f|Vpsy Ipgt —= p1(Vps1 — Vbsz) + Vps1(Up1 Dz)tz i1 (Vps1 DSZZ)( p1— Ip2) .3 €6
_ 2 t 3 2 .
—f -VD51 Inaty _% Ip1(Vps1 — VDSZ)t+ Vpsi1Up1 — Ip2) 2 +% (Vps1 — VDstzz)Um —Ipz) tf] c-7
L 1 1
r 1 1
= [ |Vps1 Ip1ts — E(IDl(VD51 = Vps2) + VpsiUpy — IDZ))tl + §(VDS1 = Vps2)Upy — IDZ)tl] (€C-8)
1 1 1
= §(VD51 = Vps2)Up1 — Ipz) — 5101(‘/051 = Vps2) — EVD.Sl(IDl —Ipz) + Vps1 IDI] t f W] (€-9
Next, calculate the power loss under the conditions below.
Ip; =0 (C - 10)
Substitute (C-10) into (C-9).
1 1 1
P = [g(VDm = Vps2)(0 — Ipy) — 3 X 0(Vps1 — Vps2) — EVDSI(O —1Ip2) + Vpsy X 0|ty f (€-11)
1 1
= [g(VDm = Vps2)(=Ipz) + EVDSI Ipz |ty f (€C—-12)
1
= E(VD51 + 2 Vps)Ipa ty f (W] (€—-13)
Vpsz == 0 (c-14)
Substitute (C-14) into (C-9).
1 1 1
P = [g(VDm = 0)(Upy — Ipz) — EIDl(VD51 -0)— EVD51(ID1 —Ip2) + Vps1 11)1] tf (C—15)
1 1 1
= [gVDs1(ID1 —Ipy) — 5101 Vps1 — EVD.S‘l(IDl —1Ip2) + Vps1 101] 4 f (€ —16)
1
= EVDSI(Z Ipy +1Ip) ty f (W] (€—-17)
Ipy =0, Vps, =0 (C-18)
Substitute (C-18) into (C-9).
1 1 1
P = [§(VD51 —0)(0—1Ipy) — 5 X 0(Vpsy —0) — EVDSI(O —Ipz) + Vpsy X 0|ty f (€C-19)
1 1
= [§VD51(_1D2) - EVD51(_ID2)] tf (C—-20)
1
= EVD51 Ipa ty f W] (€C-21)
© 2020 ROHM Co., Ltd. No. 62AN134E Rev.002

14/30 JUNE 2022



Calculating Power Loss from Measured Waveforms Application Note

Appendix D
Calculation of switching loss (when the waveform of Ip is constant and Vbs increasing)

From voltage Vbs between the drain and source and drain current Ip, calculate the power loss (switching loss) during turn ON

and turn OFF using linear approximation. The waveforms to be used for the loss calculation are shown in Figure D-1.

Io

VDS

Figure D-1. Ip(t) and Vbs(t) in period 0-t1

Power loss P in period 0-t1 shown in Figure D-1 can be generally calculated with the integration of the product of the current and

the voltage as shown in Equation (D-1).

t1
P=f f 15 (6) Vs (£) dt ®-1
0

where, £ Switching frequency [Hz]
In addition, Io(t) and Vbs(t) can be represented with Equations (D-2) and (D-3) from the slopes in Figure D-1.
Ip(t) = Ipq D-2)

Vpsz — Vps1 Vps1 — Vps2
Vps(t) = Vpsy + — t =Vps1 — — t (D-3)
1 1

Substitute (D-2) and (D-3) into (D-1).

2 Vst —V,
P =fj Ips (VDSl—Mt) dt (D —4)
0 1
t Ip1(Vps1 — V]
_ fj (VD51 Ipy — p1( DS; ps2) t) dt (D —5)
0 1
© 2020 ROHM Co., Ltd. No. 62AN134E Rev.002
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Calculating Power Loss from Measured Waveforms

Application Note

Appendix D (continued)

Perform the integration according to the formula.

- ¢
1151 (Vpsy =V, *
P = f|Visi Iy t —= p1(Vps1 — Vps2) .2 D -6)
[ 1 Ip1(Vps1 — Vps2)
= fVps1Ip1 &1 — Et—tlz (D=7
| 1
r 1
= f|Vps1Ip1 &1 — E(IDl(VD51 - VDSZ))tl] (D-8)
1
= E(VD51 +Vps2) Ip1 t1 f 4 (-9

Next, calculate the power loss under the conditions below.
VDSl =0 (D - 10)

Substitute (D-10) into (D-9).

1

P =E(O+VD52) Ipity f (D —-11)
1

= EVDSZ Ipity f (W] (D —-12)

© 2020 ROHM Co., Ltd.
16/30

No. 62AN134E Rev.002
JUNE 2022



Calculating Power Loss from Measured Waveforms Application Note

Appendix E
Calculation of switching loss (when Ip and Vps are constant)

From voltage Vbs between the drain and source and drain current Ip, calculate the power loss (switching loss) during turn ON

and turn OFF using linear approximation. The waveforms to be used for the loss calculation are shown in Figure E-1.

lr oo
-2 In(t) —?—?—
| | t
Vbsi  Vis
>8 Vps(t) '?_?'
| | i
0 ty

Figure E-1. Ip(t) and Vobs(t) in period 0-t1

Power loss P in period 0-t1 shown in Figure E-1 can be generally calculated with the integration of the product of the current and

the voltage as shown in Equation (E-1).

t1
P=f f 15 (6) Vs (£) dt E-1)
0

where, £ Switching frequency [Hz]
In addition, In(t) and Vbs(t) can be represented with Equations (E-2) and (E-3) from the slopes in Figure E-1.
Ip(t) = Ipy (E-2)
Vps(t) = Vpsy (E—-3)

Substitute (E-2) and (E-3) into (E-1).

ty
szj Ipy Vps1 dt (E-4%)
0

Perform the integration according to the formula.

P =f[Vps1Ip1 t]f)l (E-5)
=Vpsilp1t: f (W] (E-6)
© 2020 ROHM Co., Ltd. No. 62AN134E Rev.002
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Appendix F
Calculation of switching loss (when the waveform of Ip is constant and Vbs decreasing)

From voltage Vbs between the drain and source and drain current Ip, calculate the power loss (switching loss) during turn ON

and turn OFF using linear approximation. The waveforms to be used for the loss calculation are shown in Figure F-1.

Figure F-1. In(t) and Vps(t) in period 0-t

Power loss P in period 0-t1 shown in Figure F-1 can be generally calculated with the integration of the product of the current and

the voltage as shown in Equation (F-1).

t1
P=f f 15 (6) Vs (£) dt F-1)
0

where, £ Switching frequency [Hz]
In addition, Io(t) and Vbs(t) can be represented with Equations (F-2) and (F-3) from the slopes in Figure F-1.
Ip(t) = Ipq F-2)

V -V
Vps(t) = Vpsy — %t (F-3)

Substitute (F-2) and (F-3) into (F-1).

2 Vst —V,
P =fj Ips (VDSl—Mt) dt (F-4)
0 1
t Ip1(Vps1 — V]
_ fj (VD51 Ipy — p1( DS; ps2) t) dt (F -5)
0 1
© 2020 ROHM Co., Ltd. No. 62AN134E Rev.002

18/30 JUNE 2022



Calculating Power Loss from Measured Waveforms

Application Note

Appendix F (continued)

Perform the integration according to the formula.

- ¢
1151 (Vpsy =V, *
P = f|Visi Iy t —= p1(Vps1 — Vps2) .2 (F—6)

[ 1 Ip1(Vps1 — Vps2)

= fVps1Ip1 &1 — Et—tlz F-=7)
| 1
r 1

= f|Vps1Ip1 &1 — E(IDl(VD51 - VDSZ))tl] (F-8)

1
= E(VD51 +Vps2) Ip1 t1 f 4 (F-9)

Next, calculate the power loss under the conditions below.
VDSZ =0 (F - 10)

Substitute (F-10) into (F-9).

1

P =E(VD51+O) Ipity f (F—-11)
1

= EVDSI Ipity f (W] (F—-12)
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Application Note

Appendix G

Calculation of switching loss (when the waveform of Ip is decreasing and Vbs increasing)

From voltage Vbs between the drain and source and drain current Ip, calculate the power loss (switching loss) during turn ON

and turn OFF using linear approximation. The waveforms to be used for the loss calculation are shown in Figure G-1.

Io

VDS

Figure G-1. Ip(t) and Vps(t) in period 0-t;

Power loss P in period 0-t1 shown in Figure G-1 can be generally calculated with the integration of the product of the current and

the voltage as shown in Equation (G-1).

t1
P=f f 15 (6) Vs (£) dt G- 1)
0

where, £ Switching frequency [Hz]

In addition, Io(t) and Vbs(t) can be represented with Equations (G-2) and (G-3) from the slopes in Figure G-1.

Ip1 — Ip;
Ip(t) =Ips — — t (G-2)
1

Vps2 — Vps1 Vps1 — Vpbsz
Vps(6) = VDSl"‘Tt = Vps1 _t—lt (G-3)

Substitute (G-2) and (G-3) into (G-1).

h Ipy — Ip; Vps1 — Vpsz
P = ff (1}_‘)1 - 7t t) (VDSI _7t t) dt
0 1 1

t IDI(VD51 - VDSZ) + VDSl(IDl - IDZ) (VDSI - VDSZ)(IDl - IDZ)
= ff (VDS1 Ips — I t+ " t? |dt
0 1

G -9

G =5
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Appendix G (continued)

Perform the integration according to the formula.

] ¢
1 Ip1(Vpsy — V; +V, Ip; — 1 1 (Vps1 =V, Ip; — 1 !
P = f|Vpsy Ipgt —= p1(Vps1 — Vbsz) + Vps1(Up1 Dz)tz i1 (Vps1 DSZZ)( p1— Ip2) .3 G —6)
_ 2 t 3 2 .
_f -VD51 Inity _% Ip1(Vps1 — VDSZ)t+ Vpsi1Up1 — Ip2) 2 +% (Vps1 — VDstzz)Um —Ipz) tlg,] G -7
L 1 1
r 1 1
= [ |Vps1 Ip1ts — E(IDl(VD51 = Vps2) + VpsiUpy — IDZ))tl + §(VDS1 = Vps2)Upy — IDZ)tl] (G-8)
1 1 1
= §(VD51 = Vps2)Up1 — Ipz) — 5101(‘/051 = Vps2) — EVD.Sl(IDl —Ipz) + Vps1 IDI] t f W] (G-9)
Next, calculate the power loss under the conditions below.
Ip, =0 (G - 10)
Substitute (G-10) into (G-9).
1 1 1
P = [g(VDm —Vps2)Upy — 0) — §1D1(VDS1 = Vps2) — EVD.Sl(IDl —0) + Vpsy 101] 4 f (G-11)
1 1 1
= [g(VDm = Vps2) Ip1 — EIDl(VD51 = Vps2) — EV051 Ipy + Vps1 IDI] tf (G-12)
1
= 3(2 Vps1 + Vps2) Ip1 t1 f (W] (G -13)
Vps1 =0 (G-14)
Substitute (G-14) into (G-9).
1 1 1
P = [5(0 = Vps2)Up1 — Ipz) — 5101(0 —Vps2) — 5 X 0(Ipy —Ipz) + 0 X Ipq |ty f (G —15)
1 1
= [_§VDSZ(ID1 —Ipy) + 5101 Vps2|t1 f (G—16)
1
= EVDSZ(IDI +21Ip)t f (W] (G-17)
Ip; =0, Vps; =0 (G —18)
Substitute (G-18) into (G-9).
1 1 1
pP= [5(0 — Vps2)Upy — 0) — 5101(0 = Vps2) — 5 X 0(py —0)+ 0 X Ip|ty f (G—-19)
1 1
= (_§VDSZ Ipy + Elm VDSZ) tf (G —20)
1
= EVDSZ Ip1ty f W] (G-21)
© 2020 ROHM Co., Ltd. No. 62AN134E Rev.002
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Appendix H
Calculation of switching loss (when the waveform of |p is decreasing and Vbs constant)

From voltage Vbs between the drain and source and drain current Ip, calculate the power loss (switching loss) during turn ON

and turn OFF using linear approximation. The waveforms to be used for the loss calculation are shown in Figure H-1.

Io

Figure H-1. Ip(t) and Vbs(t) in period 0-t1

Power loss P in period 0-t1 shown in Figure H-1 can be generally calculated with the integration of the product of the current and

the voltage as shown in Equation (H-1).

t1
P=f f 15 (6) Vs (£) dt H-1)
0

where, £ Switching frequency [Hz]

In addition, Io(t) and Vbs(t) can be represented with Equations (H-2) and (H-3) from the slopes in Figure H-1.

Ip1 — Ip;
Ip(t) =Ips — — t (H-2)
1

Vps(t) = Vps1 (H-3)

Substitute (H-2) and (H-3) into (H-1).

2 Ipi—1
P = fj (101 - %t) (Vpspdt (H-4)
0 1
t V Ing — 1
_ fj (VDSIIDl _ ps1Up1 Dz)t dt (H-5)
0 ty
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Appendix H (continued)

Perform the integration according to the formula.

] ¢
1V Iny — 1 t
P = f|Vosi Ipat — 57"“( = p2) tz] (H —6)
L 1 0
[ 1 Vps1(Up1 — Ipz)
= fVps1Ip1 &1 — T tf H=7)
| 1
r 1
= f|Vps1Ip1 &1 — E(VD51(ID1 - IDZ))tl] (H-18)
1
= EVD51(ID1 +Ip)t: f 4 (H-9)

Next, calculate the power loss under the conditions below.

IDZ =0 (H—IO)

Substitute (H-10) into (H-9).

1
P = EVD51 Ipity f (W] (H-11)
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Appendix |
Calculation of switching loss (when the waveforms of Io and Vbs are decreasing)

From voltage Vbs between the drain and source and drain current Ip, calculate the power loss (switching loss) during turn ON

and turn OFF using linear approximation. The waveforms to be used for the loss calculation are shown in Figure 1-1.

Figure I-1. In(t) and Vbs(t) in period 0-t1

Power loss P in period 0-t1 shown in Figure I-1 can be generally calculated with the integration of the product of the current and

the voltage as shown in Equation (I-1).

t1
P=f f 15 (6) Vs (£) dt -1
0

where, £ Switching frequency [Hz]

In addition, Io(t) and Vbs(t) can be represented with Equations (I-2) and (I-3) from the slopes in Figure I-1.

Ip1 — Ip;
Ip(t) =Ips — — t (I-2)
1

V -V
Vps(t) = Vps —%t (I-3)

Substitute (I-2) and (I-3) into (I-1).

t Ipy —1 Vps1 =V,
p= ff (101 _ D1t D2 t) (VD51 _ Vbs1 - Ds2 t) dt (I —4)
0 1 1
_ fftl (Vns1 Ips — Ip1(Vps1 — VDsz)t+ Vbs1Up1 = Ip2) - (Vps1 — VD522)(1D1 —Ip2) t2> dt )
0 1 t]
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24/30 JUNE 2022



Calculating Power Loss from Measured Waveforms Application Note

Appendix | (continued)

Perform the integration according to the formula.

- ¢
1151 (Vpsy =V, +V Ip;1 — 1 1 (Vps1 — V; Ip; — 1 !
P = f|Visi Iy t —= p1(Vps1 — Vbs2) + Vpsi(p1 — Ipz) .2 +_( Ds1 DSZZ)( p1— Ip2) .3 (-6
_ 2 t 3 2 .
—f -VD51 Ips ts _% Ip1(Vps1 — VDSZ)t+ Vps1(Up1 — Ip2) 2 +% (Vps1 — VDstzz)(Im —Ipz) tf] -7
L 1 1
[ 1 1
= f|Vps1Ip1 &1 — E(IDl(VD51 = Vps2) + Vps1Upy — IDZ))tl + §(VDS1 = Vps2)Upy — IDZ)tl] (-8
1 1 1
= §(VD51 = Vps2)Up1 — Ipz) — 5101(‘/051 = Vps2) — EVD.Sl(IDl —Ipz) + Vps1 IDl] t f W] -9
Next, calculate the power loss under the conditions below.
Vpsa =0 (I1-10)
Substitute (I-10) into (1-9).
1 1 1
P = [g(VDm —0)Upy — Ipz) — EIDl(VDSI -0)— EVDSI(IDI —1Ip2) + Vpsy 101] 4 f (I-11)
1 1 1
= [§VD51(ID1 —Ipy) — 5101 Vps1 — EV051(101 —Ipz) + Vps1 101] tf I-12)
1
= gVDs1(2 Ipy +Ip2)ty f W] (I-13)
Ip; =0 (1-14)
Substitute (I-14) into (1-9).
1 1 1
P = [g(VDm = Vps2)Upy — 0) — §1D1(VDS1 — Vps2) — EVDSI(IDl —0) + Vpsy 11)1] tf (I—15)
1 1 1
= [g(VDm = Vps2) Ip1 — 5101([/051 = Vps2) — EVD51 Ipy + Vps1 IDl] tf (I—-16)
1
= 6(2 Vpsi+ Vps2) Ip1 t1 f W] d-17)
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Appendix J
Calculation of power loss during conduction (when Ip is increasing)

From on-resistance Ron of the MOSFET and drain current Ip of the switching waveform, calculate the power loss during

conduction (0-t1) using linear approximation. The waveforms to be used for the loss calculation are shown in Figure J-1.

Io

Figure J-1. Ip(t) in period 0-t1

In Figure J-1, since the MOSFET is energized in period 0-t1, Vbs is the product of on-resistance Ron of the MOSFET and Ip.

Power loss P in period 0-t1 can be generally calculated with the integration of the product of the resistance and the square of the
current as shown in Equation (J-1).

ty
P=f [ Ronlp(@? e U-1
0
where, Roy. On-resistance of MOSFET [Q]

£ Switching frequency [Hz]

In addition, In(t) can be represented with Equation (J-2) from the slope in Figure J-1.

Ipy; —Ipy Ip1 — Ip;
Ip(t) = Ipq +—t t=1D1_—t t J-2)
1 1

Substitute (J-2) into (J-1).

f Ipy — Ipy\’
P=f [ Row (1o~ 22 a -3
0

t Ip1 —1 Ip1 — Ip2)?
- ff Rown <ID12—21D1 o1~ Ioa, | Up1 = Ioa) t2>dt J-4
0

t t,?

Perform the integration according to the formula.

-1 Ips —Ip2)? 1"
P = f Ron [ID -2 ID1 P2y2 4 U1 = Ip2) t3]
0

tl 3 t12 (] B 5)
.y (Ipy — Ipy)?
= f Row (Im =21y 2 L R f) -6
(Ip1 — Ip2)?
= f Ron | Ipf t1 = Ip1 Upy — Ipz) t1 + — 3 ty g-7
(Ip1 = Ip2)?
= f Ron | It = Ip1 Up1 — Ip2) + — 3 t1 J-8)
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Appendix J (continued)

1,2 =21, Ip, + 1,2
P =fRon (101 Ipy + bl D; bz _ bz ) ty Jdg-9
Ip? = 21Ipy Ipy + Ipf = 31p% + 3 Ipy Ipy + 3 Ipf
= f Ron 3 ty J-10)
1 2 2
=3 RonUpf +1IpiIpa +1ps) ti f (W] J-11)
© 2020 ROHM Co., Ltd. No. 62AN134E Rev.002

27/30 JUNE 2022



Calculating Power Loss from Measured Waveforms Application Note

Appendix K
Calculation of power loss during conduction (when Ip is constant)

From on-resistance Ron of the MOSFET and drain current Ipo of the switching waveform, calculate the power loss during

conduction (0-t1) using linear approximation. The waveforms to be used for the loss calculation are shown in Figure K-1.

lor o

2| Io(t) e——e
: : ¢
0 t

Figure K-1. In(t) in period 0-t1

In Figure K-1, since the MOSFET is energized in period 0-t1, Vbs is the product of on-resistance Ron of the MOSFET and Ip.

Power loss P in period 0-t1 can be generally calculated with the integration of the product of the resistance and the square of the

current as shown in Equation (K-1).

P = ffthON ID(t)Z dt (K - 1)
0

where, Roy. On-resistance of MOSFET [Q]
£ Switching frequency [Hz]
In addition, In(t) can be represented with Equation (K-2) from the slope in Figure K-1.
Ip(t) = Ip; (K—-2)

Substitute (K-2) into (K-1).

ty
szj Ron Ip? dt (K-3)
0

Perform the integration according to the formula.

P=f [Ron I[)f](t)1 K-4)
= Ron ID% tf (W] (K—-5)
© 2020 ROHM Co., Ltd. No. 62AN134E Rev.002
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Appendix L
Calculation of power loss during conduction (when Ip is decreasing)

From on-resistance Ron of the MOSFET and drain current Ipo of the switching waveform, calculate the power loss during

conduction (0-t1) using linear approximation. The waveforms to be used for the loss calculation are shown in Figure L-1.

Io

Figure L-1. In(t) in period 0-t1

In Figure L-1, since the MOSFET is energized in period 0-t1, Vbs is the product of on-resistance Ron of the MOSFET and Ip.

Power loss P in period 0-t1 can be generally calculated with the integration of the product of the resistance and the square of the
current as shown in Equation (L-1).

P = ffthON ID(t)Z dt (L - 1)
0

where, Roy. On-resistance of MOSFET [Q]
£ Switching frequency [Hz]

In addition, In(t) can be represented with Equation (L-2) from the slope in Figure L-1.

Ip1 — Ip;
Ip(t) =1Ip1 — — t L-2)
1

Substitute (L-2) into (L-1).

fa Ipy — Ipz\?
szj RON(IM——t1 ) dt L-3)
0

t Ips—1 Ips — Ipy)?
= ff Ron <1D12 B § U1 = Ip2) t2> dt (L—4)
0

t t,?

Perform the integration according to the formula.

-1 Ipy — Ipy)? 1%
pP= fRON[ID 211,1 bz > | (b1 = Ib2) t3]
0

tl 3 t12 (L B 5)
"y (Ipy — Ipy)?
= f Ron (Im =21y 2 AT 13) (L-6)
(Ip1 — Ip2)?
= f Ron | Ipf t1 = Ip1 Upy — Ipz) t1 + — 3 ty L-7
(Ip1 = Ip2)?
= f Ron | It = Ip1 Up1 — Ip2) + — 3 t1 L-8)
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Appendix L (continued)
Int =2 1Ipy Ipy + Ips
P = fRon|Ip1lpz + 3 ty L-9
Ip? = 21Ipy Ipy + Ipf = 31p% + 3 Ipy Ipy + 3 Ipf
= f Ron 3 ty (L—-10)
1 2 2

=3 RonUpf +1IpiIpa +1ps) ti f (W] L-11)
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Notice

10)

11)

12)

13)

Notes

The information contained herein is subject to change without notice.

Before you use our Products, please contact our sales representative and verify the latest specifica-
tions :

Although ROHM is continuously working to improve product reliability and quality, semicon-
ductors can break down and malfunction due to various factors.

Therefore, in order to prevent personal injury or fire arising from failure, please take safety
measures such as complying with the derating characteristics, implementing redundant and
fire prevention designs, and utilizing backups and fail-safe procedures. ROHM shall have no
responsibility for any damages arising out of the use of our Poducts beyond the rating specified by
ROHM.

Examples of application circuits, circuit constants and any other information contained herein are
provided only to illustrate the standard usage and operations of the Products. The peripheral
conditions must be taken into account when designing circuits for mass production.

The technical information specified herein is intended only to show the typical functions of and
examples of application circuits for the Products. ROHM does not grant you, explicitly or implicitly,
any license to use or exercise intellectual property or other rights held by ROHM or any other
parties. ROHM shall have no responsibility whatsoever for any dispute arising out of the use of
such technical information.

The Products specified in this document are not designed to be radiation tolerant.

For use of our Products in applications requiring a high degree of reliability (as exemplified
below), please contact and consult with a ROHM representative : transportation equipment (i.e.
cars, ships, trains), primary communication equipment, traffic lights, fire/crime prevention, safety
equipment, medical systems, servers, solar cells, and power transmission systems.

Do not use our Products in applications requiring extremely high reliability, such as aerospace
equipment, nuclear power control systems, and submarine repeaters.

ROHM shall have no responsibility for any damages or injury arising from non-compliance with
the recommended usage conditions and specifications contained herein.

ROHM has used reasonable care to ensure the accuracy of the information contained in this
document. However, ROHM does not warrants that such information is error-free, and ROHM
shall have no responsibility for any damages arising from any inaccuracy or misprint of such
information.

Please use the Products in accordance with any applicable environmental laws and regulations,
such as the RoHS Directive. For more details, including RoHS compatibility, please contact a
ROHM sales office. ROHM shall have no responsibility for any damages or losses resulting
non-compliance with any applicable laws or regulations.

When providing our Products and technologies contained in this document to other countries,
you must abide by the procedures and provisions stipulated in all applicable export laws and
regulations, including without limitation the US Export Administration Regulations and the Foreign
Exchange and Foreign Trade Act.

This document, in part or in whole, may not be reprinted or reproduced without prior consent of
ROHM.

Thank you for your accessing to ROHM product informations.
More detail product informations and catalogs are available, please contact us.

ROHM ROHM Customer Support System

SEMICONDUCTOR

http://www.rohm.com/contact/

www.rohm.com

© 2016 ROHM Co., Ltd. All rights reserved.
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