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1. Introduction

This Reference Guide (hereafter referred to as this Guide) describes the specifications and
operation procedure of the 3-Phase Inverter (hereafter referred to as this Inverter) Using SiC
MOSFET.

3-phase inverters are used to drive induction and synchronous motors used in industrial
applications. At AC 400 V output, it is common to use an IGBT having a withstand voltage of 1200
V as a conventional switching device. However, SiC (silicon carbide) based SiC MOSFET developed
in recent years, can reduce on-resistance while maintaining higher breakdown voltage compared to
conventional Si (silicon) MOSFET. For the purpose of improving the inverter efficiency 1200 V SiC
MOSFETs have been adopted and studied as switching elements to replace 1200 V IGBTSs.

In this inverter, SIC MOSFET TW045Z120C (TO-247-4L(X) package) or TW045N120C (TO-247
package) is used to achieve higher efficiency for driving AC 440 V motors. TLP5774H is used as a
gate driver to realize a high-speed isolated gate drive. And, the isolation amplifier TLP7820 is used
to realizes isolated sensors such as motor phase current sensor and bus voltage sensor.
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2. Main Components Used

This section introduces the components used in this inverter. Toshiba has a wide lineup of devices,
including power semiconductors, driver couplers, and small-signal ICs.

2.1. SiC MOSFET TW045Z120C/TWO045N120C
This inverter uses TW045Z2120C / TW045N120C for the switching elements of the inverter.

Features
® Chip design of 3rd generation (Built-in SiC Schottky barrier diode)
® |ow diode forward voltage: Vpse = -1.35 V (Typ.)
® High voltage: Vpss = 1200 V
® Low drain-source on-resistance: Rpsoon)y = 45 mQ (Typ.)
® |ess susceptible to malfunction due to high threshold voltage: Vin = 3.0 to 5.0 V (Vbs = 10
V, Ip = 6.7 mA)
® Enhancement mode

Appearance and Pin Layout

TW0452120C
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2.2. Driver Coupler TLP5774H
This inverter uses TLP5774H for the gate driver of SiC MOSFETSs used in the inverter circuit.

Features

® Buffer logic type (totem pole output)
Output peak current: £4.0 A (Max.)
Operating temperature: -40 to 125 °C
Supply current: 3 mA (Max.)
Supply voltage: 10 to 30 V
Threshold input current: 2 mA (Max.)
Propagation delay time: 150 ns (Max.)
Common-mode transient immunity: £35 kV/us (Min.)
Isolation voltage: 5000 Vrms (Min.)
Complies with safety standards

Appearance and Pin Layout

10 ' 16 1: Anode
i 2: N.C.
: 3: Cathode

24 Y i RS 4: GND

/i 5: Vo (Output)
/! 6: Ve
3 - SHIELD - 4
11-4N1A
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2.3. Isolation Amplifier TLP7820

This inverter uses TLP7820 for the isolated sensing using current sensors and voltage sensors.

Features
® Gain accuracy: £0.5 % (Gain rank B)
Gain drift: 0.00012 V/V/°C (Typ.)

Input offset voltage: 0.9 mV (Typ.)

Complies with safety standards

Appearance and Pin Layout

Nonlinearity (Vin = £200 mV): 0.02 % (Typ.)

Vour bandwidth (-3 dB): 230 kHz (Typ.)
Operating temperature range: -40 to 105 °C

Common-mode transient immunity: 15 kV/us (Min.)

1] | | |8
2 N [ ]7
3] s [ ]6
4 L —suies [ 15
11-6B1A
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2.4. Comparator TC75W59FU
This inverter uses a TC75W59FU as a comparator for detecting errors.

RD220-DGUIDE-02

Features
® Low-voltage operation is possible compared with bipolar type general-purpose op-amps.
Vpp = £0.9to 3.5Vor1.8to 7V
® |ow-current consumption compared to bipolar type general-purpose op-amps
Iop (Vo = 3V = 20 pA (Typ.)
® Internal phase compensation type, no external element required
® Small package

Appearance and Pin Layout
Vpp OUT IN (-)IN (+)

offullclle

prs

SSOP8-P-0.65 (SM8) OUTIN (-)IN (+) Vss
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3. What is an Inverter?

3.1. Inverter Operation

An example of a half-bridge circuit that is a component of a typical inverter (two-level inverter)
is shown in Fig. 3.1. As shown in the figure, a MOSFET Q1 is used in the upper arm and a MOSFET
Q2 is used in the lower arm as switching elements. Bus voltage E is supplied. As shown in Fig. 3.2,
two levels of voltage (E (bus voltage) or 0 (GND voltage)) appear on the inverter-output Vout
when Q1, Q2 are turned on/off.

Fig. 3.1 Half-Bridge Circuit Example

Turn on
J Qi J Qi
i — > \/
E - Vout [ Turnon out
| 7Q I B,
Vout = E Vout = O

Fig. 3.2 Switching Operation of the Inverter

Output voltage is controlled by the PWM control of these switching devices. Fig. 3.3 shows an
example of the sine wave commutation phase voltage output.

J Q 1--- 1"
- Vour ———» |1 — = == e e e e L — — - 0

Fig. 3.3 Example of Sine Wave Commutation Phase Voltage Output of the Inverter
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Fig. 3.4 shows the configuration of a 3-phase inverter. The 3-phase inverter has a 3-phase full-
bridge configuration with three half-bridge circuits. By using PWM control switching of each phase,
3-phase alternating current with a 120° phase difference between each phase is output. Fig. 3.5
shows an example of sine wave commutation phase voltage output of a 3-phase inverter. (A half-

bridge circuit, such as Q1 and Q2, is called a leg.)

Ql
E

Q3 —
5 g

JJ

Q,

U phase

|_
iIn
—

V phase

—— W phase

Qs

Q4 —
3 g

Fig. 3.4 Configuration of 3-Phase Inverter

U phasef

V phase|||

W phase|

Fig. 3.5 Example of Sine Wave Commutation Phase Voltage Output

of the 3-Phase Inverter
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4. Circuit Design

This section describes the gist of the circuit design. Refer to RD220-SCHEMATIC1 (AC-DC board)
and RD220-SCHEMATIC2 (inverter board) for schematic diagrams, and to RD220-BOM1 (AC-DC
board) and RD220-BOM2 (inverter board) for bill of materials. Fig. 4.1 shows the block diagram of

the inverter board of this inverter.
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Fig. 4.1 3-Phase Inverter Using SiC MOSFET (Inverter Board)
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4.1. Isolated Power Supply Circuit

The inverter board of this inverter generates four lines of isolated power based on 20 V power
input from the control power input terminal (inverter board, CN1-CN2). Since the source potential
of the upper arm MOSFET of each phase of the inverter changes during switching operation, a gate
driver power supply is required for each phase. Since the reference potential of the lower arm of
each phase is the same, four independent isolated power supplies are implemented for the U-
phase upper arm (gate drive and phase current sensor), the V-phase upper arm (gate drive and
phase current sensor), the W-phase upper arm (gate drive and phase current sensor), and the
lower arm (gate drive and bus current sensor in the U-phase /V-phase /W-phase).

Fig. 4.2 shows the primary circuit of the isolated power supply.

CUS10F40  0.14F VDD_20A
PO585ANL
R161 I_ LT1158 SSM6K818R - T1_B
Secondary
e Nt lousus)
MIC1557 /TGATEFB 4.7 F T2_B
YMS5-TR TSOURCE :: - T1 U
c135 SENSEP - Secondary
T INPUT
tooopel |77 VT 00wz g Ns2 Output(U)
] T2_U
V .
I SENSEN P1 - T1_V
BIAS ssMeks1sR [ P Ns3 Secondary
ENABLE — Ve Output(V)
f NFAULT e 4.7uF] T2_V
O-1pELiOnE PRIy — T R
I I Ns4 Output(W)
T2_W
Np:Ns1:Ns2:Ns3:Ns4
1:1:1:1:1

Fig. 4.2 Isolated Power Circuit (Primary Side)

Half-bridge gate driver LT1158 (ADI) drives a half-bridge composed of SSM6K818R MOSFETSs to
form a half-bridge isolated DC-DC converter. A RC oscillator MIC1557YM5-TR (Microchip) is used to
switch the half-bridge. The connected resistor R161 (10 kQ2) and capacitor C135 (1000 pF)
produce a square wave of 100 kHz, with 50 % duty, which is applied to the half-bridge gate driver.
The voltage potentials at both ends of the primary winding are Vp1 and Vp,. Vp1 switches between
0 V and 20 V by complementary switching of the half bridge, and Vp; is the midpoint voltage of 10
V between two 4.7 UF capacitors. Therefore, a rectangular wave of £10 V is generated at the
primary side of the isolation transformer.
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Fig. 4.3 shows one of the secondary circuits for four isolated power systems.

4.7 uFygcaz7 | 4.7 pF
T1 o_|_| F— cas -

Secondary
Input

Vin T
T2 0 .

CU510F4OKD14

CUS10F40|p1s

'1“FJ. ]
-

O VP_18V
TAR5S50U
IN ouT O VP_5V
CONTROL NOISE 10 “'j_ -
GND 10 nF
— IC12
T T GND
2 JPs | 7D1 = 10 HF_L v
St ) 20V T
O VN_2V

Fig. 4.3 Isolated Power Circuit (Secondary Side)

Since the winding ratio Np:Ns1:Ns2:Ns3:Ns4 of the isolation transformer is 1:1:1:1:1, a square-

wave output of £10 V can be obtained at all the secondary terminals of the isolation transformer.

However, a half wave voltage doubler circuit consisting of C47, C48, D14, D15 in the secondary

circuit generates a DC voltage with a potential difference 20 V between VP_18V, VN_2V. The
rectifier diodes D14 and D15 use a small size Schottky Barrier Diode CUS10F40 (Vr = 40 V(Max.),
Ir = 1 A(Max)). By supplying the secondary input voltage to a 5 V output LDO TAR5S50U, a DC
voltage of 5 V (GND reference) is generated in VP_5V and used as the power supply for each

phase.

In this inverter, a Zener diode ZD1 is placed between VN_2V and GND to make the potential of

VN_2V lower than GND by ZD1 Zener voltage (In this design, a 2 V Zener voltage device is
mounted as ZD1, and thus VN_2V is set to -2 V((0-2) V), and VP_18V is set to 18V((20-2) V). The
jumper switch JP5 allows the user to change the potential of VP_18V, VN_2V in relation to GND.

Since the source of SiC MOSFET is connected to the GND signal of corresponding isolated power
supply and gate signal is switched between VP_18V/VP_2V, the Vgs of SiC MOSFET can be
changed with this jumper JP5. Table 4.1 shows the relationship between the jumper switch status

and the output voltage of each isolated power supply.

Isolated Power Supply Output Voltage

Table 4.1 Relationship between Jumper Switch Status and

Jumper switch status ON (short) OFF (open)
VP_18V (GND reference) and
SiC MOSFET on-state Vgs 20V 18V
VN_2V (GND reference) and oV oV
SiC MOSFET off-state Vgs
VP_5V (GND reference) 5V 5V
©2023 12 | 28 2023-09-13
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4.2. SiC MOSFET Gate-Drive Circuit

SiC MOSFET gate-driver is shown in Fig. 4.4. Similar gate-drive circuits are implemented in a
total of six circuits, one for every SiC MOSFET. A driver coupler TLP5774H is used to drive the gate.
The low-voltage side such as the controller and the high-voltage side such as SiC MOSFET are
electrically isolated. The primary-side light-emitting device of TLP5774H is connected to a MOSFET
SSM3K15AFU which acts as a switch. And this MOSFET SSM3K15AFU is controlled on/off by a
gate-control signal from a MCU or another controller. When SSM3K15AFU turns on, the primary
light-emitting device of TLP5774H turns on, and the gate driver output goes to H. The truth table
for TLP5774H is shown in Table 4.2.

RD220-DGUIDE-02

) VP_18V_x
Electrical

Isolation

CUS10F4Q SiC MOSFET

A5 Two45Z120C
-r; /TWO045N120C

w
gl —-—-—l 330
o T Gate |I:}

QO
J
=N R
TS ¥ ) | CUS10F40
TC7WZOSFU AT —H—EJ
SSM3K15AFU —_'

TLP5774H

7 UF

& CUS10F40
NBRK — |

470 O
11
11"
7p
11
1)

47 WF

Gate Control—

GND_x
xH/xL

10 kQ

{

VN_2V_x
GND_A

Fig. 4.4 SiC MOSFET Gate-Drive Circuit

Table 4.2 Driver Coupler TLP5774H Truth Table

Input LED M1 M2 Vo
H ON ON OFF H (=Vco)
L OFF OFF ON L (=GND)
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Fig. 4.5 shows the off-time operation of the gate drive circuit when the gate control signal is L.
Fig. 4.6 shows the on-time operation of the gate drive circuit when the gate control signal is H. In
this inverter, the external gate resistance at turn-on is set to 33 Q and the external gate resistance
at turn-off is set to 0 Q. However, the optimum value differs depending on the switching frequency
and bus voltage to be used. Therefore, these values must be adjusted according to the actual
design specifications.

VP_18V_x
Electrical o
Isolation
VDD5_A
7 l
| s ThoiesiEhe
< TLP5774H w Lli :_; /TW045N120C
i 5
S 5 i o T < Gate |
- Tg Szi / CUS10F40 I
TC7WZ08FU sﬁ\ELD[
o | SSM3K15AFU e ——— cusioFao| [0 | .
NBRK —] . gl 7= 1w
| i Ts =2
I g
Gate Cpntrol— S I GND_x
xH/xL =1 i
l o
vV I VN 2V x
GND_A
Fig. 4.5 MOSFET Gate-Drive Operation (Off-State)
VP_18V_x
Electrical o
Isolation
VDD5_A 1
T I
- CUS10F40 -
—t— L
s TLP5774H oy TS /TWO045N120C
i , i Rt . EETS)
o J_”a 1 £ ToT< | | Gate ||:'
> TS il ( |cus1oF4o |
TC7WZ08FU L
o | SSM3K15AFU cusioFao| [o] | .
NBRK — ! gl 7 1y
[ 5 TF =32
I T
Gate Control = [ I GND_x
xH/xL = i
l o
v I VN_2V_x
GND_A
Fig. 4.6 MOSFET Gate-Drive Operation (On-State)
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4.3. Components of the Sensor Circuit

4.3.1. Isolation Amplifier Circuit

Each sensor circuit that detects the phase current, bus current, and bus voltage of this inverter
is electrically isolated. It consists of the high-voltage side that performs sensing and the low-
voltage side that transmits the sensing results to the controller, etc. An isolation amplifier is used
to electrically isolate the analog value sensed on the high-voltage side and transmit it to the low-
voltage side. TLP7820 is an optically coupled isolation amplifier that receives an analog signal and
outputs an analog signal. TLP7820 is equipped with a LED photodiode-based optical transmission
function between the primary-side input (Viy) and the secondary-side output (Vour), and its optical
transmission signals are digitally encoded to achieve highly accurate analog-signal isolated
transmission. Fig. 4.7 is a functional block diagram of TLP7820. The analog-input signal on the
primary side is digitally encoded by the delta-sigma A/D converter and transmitted to the
secondary side by the LED. On the secondary side, the signal is received by the photodiode,
demodulated by the transimpedance amplifier and the decoder circuit, and the analog-output is
generated by the D/A converter circuit and the LPF. Since the primary-side and secondary-side
power supplies are isolated, it is also used to detect signals with different reference potentials,
prevent common mode noise contamination, etc.

VD1 o T : [ J>VDD2
EAN :

ViING Q] B s ‘i DEC || B T\ Vour-
i |AZADC| |ENC Driver —— ! 1 1-bit DAC LPF | |

VIN-§— ] — . [ u —¢ Vour-
:‘ i ISHIELD ReSgKery
i ! ' \*]
: ; \
: VREFTx :

CLK

GND1T7 P E—TGNDZ

Fig. 4.7 Internal-Block Diagram of Isolation Amplifier TLP7820

©2023 15 / 28 2023-09-13

Toshiba Electronic Devices & Storage Corporation
Rev.2


https://toshiba.semicon-storage.com/ad/semiconductor/product/isolators-solid-state-relays/isolation-amplifiers-isolated-delta-sigma-modulators/detail.TLP7820.html?utm_source=PDF_RD&utm_medium=content&utm_campaign=rd220dg

TOSHIBA

RD220-DGUIDE-02

Fig. 4.8 shows the I/0 properties of TLP7820. The differential voltage input between Vin+ and
Vin- can be amplified by a gain of 8.2 times (Typ.) as shown in the following equation, and the
resulting differential voltage is output between Vour+ and Vour-.

Vour+ — Vour- = 8.2 (Viy, — Viy-) (4-1)
Vine = Vin-

FB00 MV - m e e :
OV cmmmdmmmeeeeeee g LT dmmm e

—300 MV - oo eaead -

Output
246V

ov

VOUT+ - VOUT—

' iGain =8.2
—2.46V S B TR R R

Fig. 4.8 Isolation Amplifier TLP7820 Input/Output Characteristics
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4.3.2. Differential Amplifier Circuit

This section describes the differential amplifier circuit used in the phase current sensor, bus
current sensor, and bus voltage sensor of this inverter. Consider a differential amplifier circuit using
the op-amp shown in Fig. 4.9.

Vi

VOUT

Fig. 4.9 Example of Differential Amplifier Circuit

The potentials of x; and x, are expressed as follows.
R2

R1+ R2
R3
R3 + R4

x;1= Vp+ (V3 —Vp)

x; = Vy+ (Vour = Vn)

In an op-amp circuit, the positive and negative inputs of an op-amp are considered to be at the
same potential (virtual short) and thus following equations are established.

X1 = X2
From the above equation
R3
Vp+(V; —Vp)m = Uy + (Vour _Vw)m
Here
R1=R4, R2=R3
In this case
R1
Vour = ﬁ(VP -Vy) +V, (4-2)

As a result, this circuit operates as a differential amplifier that amplifies the potential difference
between Vp Vn at a gain of R1/R2 and adds an offset-voltage Vi.
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4.4, Phase Current Sensor Circuit

Fig. 4.10 shows the phase current sensor circuit. The current flowing through the shunt resistor
is converted into sensor output voltage by the isolation amplifier circuit and differential amplifier
circuit. And the phase current sensor output voltage Vapx (actually Vapu, Vaov, Vapw) of each phase
is isolated and is output to the controller (ADU:CN3-36 pin, ADV:CN3-38 pin, ADW:CN3-40 pin)
and the fault detection circuit. This inverter implements a phase current sensor circuit for each of
the 3 phases (U, V, W). However, since the sum of the 3-phase inverter output currents is
generally 0, only two-phase current sensors may also be implemented.

RD220-DGUIDE-02

From T N N i
Inverter : b '
VP_5V_x vDD5_A 27 pF
: TLP7820 j Vier [ 1 TC75WSS5FU | ADU/ADV/ADW
:- —————————— : - - 5 O TA75WO01FU I ‘ Virer v i fFor I(t::OStr:[d %r/
{2 0 IR N I e N WVourz | B ma e
= Vi N Vours __omal H :
i3 g — 27pF
! § 27pF
T T— SHIELD I '[:)___ ¥ 1
0] i [15 k9]
GND_x GND_A [10 kQ | ' in
Motor PC-1 PC-2 PC-3
Fig. 4.10 Phase Current Sensor Circuit
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The phase current sensor circuit consists of an isolated amplifier circuit (PC-1), a differential
amplifier circuit (PC-2), and an inverting amplifier circuit (PC-3). When the current going to the
motor from the inverter is Iapx, and the resistance of the shunt resistor is 1 mQ, the voltage at the
input of isolation amplifier (PC-1) will be as follows:

VIN+ - ‘/IN— = _100 X 10_3 'IADx
From equation (4-1) for the isolation amplifier (PC-1):
Vouri+ = Vouri- = 8.2 (Viny — Vin-)
From equation (4-2) for the differential amplifier (PC-2):

R21
VOUTZ = R_22 _(VOUT1+ - VOUTl—) + VREF

10 x 103
10x10° —Vour1i+ — Vour1-) + Vrer

= —(Vour1+ — Vour1-) + Vrer
From equation for the inverting amplifier (PC-3):

R,
Vapx = — Rus (Vourz — Vrer) + Vrer
31

(15 + 22)x 10°
- 47 x 103
—3.66 X (Voyrz — Vrer) + Vier

X (Vourz — Vrer) + Virer

IR

From the above equations and Vggr = 2.5V, the phase current sensor output-voltage Vapx

becomes:

Vapy = —8.2:-3.66- 1.00 x 1073 -1,p, + Vggr
=—-30 x 107314, +2.5 (4-3)

So, if Iapx is 1 A, the output voltage becomes -30 mV plus the offset voltage 2.5 V.
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4.5. Bus Current Sensor Circuit

Fig. 4.11 shows the bus current sensor circuit. The bus current (total current in inverter leg)
flowing through the shunt resistor is converted into sensor output voltage by the isolation amplifier
circuit and the differential amplifier circuit. And the bus current sensor output voltage Vaps is
isolated and is output to the fault detection circuit.

From
Inverter Legs

VP_5V_B VDD5_A 27 pF
TLP7820 Ve [z
; O—H10ke TA75WO1FU
v v ADB
o e RN — [fokal \VADB for Fault Detection
Vi N VOUT1—>< — 0k} _
SHIé'LED”" 27pF
L —
GND_B GND_A 10 k@
RZZ
BC-1 BC-2

Fig. 4.11 Bus Current Sensor Circuit

The bus current sensor circuit consists of an isolated amplifier circuit (BC-1) and a differential
amplifier circuit (BC-2). When the current going to GND_DC from all the legs of the inverter is Iaps,

the resistance of the shunt resistor is 1 mQ, the voltage at the input of isolation amplifier (BC-1)
will be as follows:

VIN+ - VIN— = —1.00 x 10_3 .IADB

From equation (4-1) for the isolation amplifier (BC-1):
Vouri+ — Vouri- = 8.2 (Viny — Vin-)
From equation (4-2) for the differential amplifier (BC-2):

Ry,
Vourz = R —(WVour1+ — Vour1-) + Vrer

22

10 x 103
10x 107 —Vour1+ — Vour1-) + Vrer

= —(Vouri+ — Vour1-) + Vrer
From the above equations and Vggr = 2.5V, the bus current sensor output voltage Vaps becomes:
VADB = 82 " 100 X 10_3 : IADB + VREF
=8.2 x 103 -I,pp +2.5 (4-4)

So, if Iaps is 1 A, then output voltage becomes 8.2 mV plus the offset voltage 2.5 V.
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4.6. Bus Voltage Sensor Circuit
Fig. 4.12 shows the bus voltage sensor circuit. The bus voltage divided by the resistors is
converted to the sensor output voltage by the isolation amplifier circuit and the differential

RD220-DGUIDE-02

amplifier circuit. And the bus voltage sensor output voltage Vvoc is isolated and is output to the
controller (CN3-26 pin: VDC) and the fault detection circuit.

VP_DC

100 kQHL00kOH 0  H100 kQH100 k

27pF
27 pF
VP_5V_x VDD5_A | Vrer 2.2 kOH 22 kQ
o O—H10 kQ v, R
R GND_A 31
TLP7820 21 TC75W55FU TC75W55FU vDC
10Q ; Q 7> Veer Rsp =T N v, | for Controller/

, N Vours+ 2 (7570 \Vouu o 2.2kd voc | Fault Detection
o ST e —(oowat -
T snlé.“o - 27pF ZZFF
{7 — — i

2.2 koH 22 kQ
GND_DC GND_x GND_A 10 kQ
BV-1 BV-2 BvV-3

Fig. 4.12 Bus Voltage Sensor Circuit
The bus voltage sensor circuit consists of an isolated amplifier circuit (BV-1) and two differential
amplifier circuits (BV-2, BV-3). If the bus voltage is VP_DC, then according to the voltage divider

resistance ratio, the voltage at the input of isolation amplifier (BV-1) will be as follows:
22

~ 20000+ 22 'F-PC

Vint = Vin- =
From equation (4-1) for the isolation amplifier (BV-1):

Vouri+ — Vouri- = 82 (Viny — Vin-)
From equation (4-2) for the differential amplifier (BV-2):

Ry,
Vour2 = R_ZZ(VOUT1+ = Vour1-) + Vger

10 x 103
W(VOUT1+ = Vour1-) + Vrer

= (Vour1+ — Vour1-) + Vrer

From equation (4-2) for the differential amplifier (BV-3)

_ R34
VVDC - R_(VREF - VOUTZ) -0
32
_ (2.2+22)x 103 8 22 VP DC
B 2.2 x 103 "~ 40000 + 22 -
= 4.96 x 1073-VP_DC (4-5)

So, if VP_DC is 1V, then the bus voltage sensor output voltage becomes 4.96 mV.
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4.7. Temperature Sensor Circuit

Fig. 4.13 shows the temperature sensor circuit. TH_HS NTC thermistor (for measuring the
temperature of SiC MOSFET heat sink) and TH_RY thermistor (for measuring the temperature of
the inrush-proof relays on AC-DC board) are used to measure the temperature at two points. The
resistor divider voltage output (VtH_ns, VTH_ry) Of each thermistor is sent to the fault detection
circuit. And the resistor divider voltage output (VtH ns) of TH_HS thermistor is separately amplified
by an op-amp and is sent to the controller (CN3-24 pin: THM1). Since the resistance value of NTC
thermistor decreases as the temperature rises, the temperature sensor output voltage also
decreases as the temperature rises.

This inverter uses B57703M0103A017 (TDK) NTC thermistor with the resistance of 10 kQ at
25 °C and the B-constant of 3988 K. Thermistors can be connected by soldering the thermistor
leads between through-holes J1-]2 (for TH_HS) and between 1J3-J4 (for TH_RY) on the inverter
board.

VDD5_A

9
N Vru_us ,V1H_rY
—

Through Hole Viu_ns/Vru_ry  for Fault Detection

for NTC Thermistors
(TH_HS:J1-12, TH_RY:]3-14)

TC755S103F

NTC
Thermistor

THM1
for Controller

GND_A
TH_HS only

Fig. 4.13 Temperature Sensor Circuit

If the resistance of NTC thermistor is Rntc, then the temperature-sensor output voltage Vrh_xx
(actually Vt4_ns and VTH_ry) going to the fault detection circuit will be as follows:

RNTC
Ryrc + 15 x 103

VTH?XX = 5.0 (4_6)

The temperature sensor output voltage Vrumi going to the controller is produced by amplifying the
voltage divider circuit output Vry_ns using a non-inverting amplifier circuit consisting of TC755103F
operational amplifier. This output voltage will be as follows:

R, + R,
Vram = R “Vru ns
1
_ 4.7x10°+4.7x10° 50 Ryre
- 4.7 x 103 "7 Ryrc+15x103
RNTC
=10.0- 4-7
Ryrc + 15 x 103 (4-7)
©2023 22 | 28 2023-09-13

Toshiba Electronic Devices & Storage Corporation

Rev.2


https://toshiba.semicon-storage.com/ad/semiconductor/product/linear-ics/operational-amplifiers-and-comparators/detail.TC75S103F.html?utm_source=PDF_RD&utm_medium=content&utm_campaign=rd220dg

TOSHIBA

4.8. Fault Detection Circuit

The Fault detection circuit detects the fault by comparing the sensor output voltages from the
phase current sensor circuit, bus current sensor circuit, bus voltage sensor circuit, and
temperature sensor circuit described above with threshold voltages using a comparator. Fig. 4.14
shows the fault detection circuit. A CMOS comparator TC75W59FU is used for comparing sensor
output voltages with respective threshold voltages. The comparator detects phase overcurrent
error, bus overcurrent error, bus overvoltage error and overtemperature error. Because of the
open-drain output, if any of these errors is detected, the L level is output to the fault detection
output (nEMG). When nEMG goes low, all gate signals going to SiC MOSFETs are disabled. When all

the error factors recover to normal, H level is output to nEMG.
VDD5_D
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10 kQ

e
Highest Level TC75W59FU
2.25V %
\/ - (open drain)
Phase Overcurrent creren /
Detection
Lowest Level
Vempper %
2.75V - (open drain)
~ /
TC75W59FU
Bus Overcurrent 3.81V \
. cm
Detection Vync y (open drain)
|——> Fault Output (NEMG)
‘L’ level when any error is detected
Bus Overvoltage 3.97V +
Detection Vaoe y(open drain)
("Heatsink Temperature
(TH_HS) TC75W59FU
VTH_HS "(':mp
Overtemperature 0.14V /(Open drain)
Detection %[I]' L'usFI'{lYF){elay Temperature
Viu_ry %
_ 0.14Vv /(open drain)
Fig. 4.14 Fault Detection Circuit
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4.8.1. Phase Overcurrent Error Detection

Fig. 4.15 shows the voltage divider circuit for phase overcurrent error detection. This circuit does
not use comparators to compare the phase current of each phase. By using 155389 diodes and
voltage dividers, the highest and lowest phase current sensor output voltages are separated, and
their output signals (Vemprch and Vempecl) are sent to fault detection circuit to be compared with
respective threshold voltages. This reduces the total number of comparators required.

Phase Current -
Sensor Voltage

Phase Current - V (ADV) Vapv Dl 100 Q 470 kQ

Sensor Voltage

Phase Current -
Sensor Voltage

1SS389
U (ADU) Vapu 500
VADW
W (ADW) 1500
155389
—H—-— 100 Q
- 100 Q
< 100 Q
Ve

Phase Current
Comparator Input Voltage
(Highest level)

VemppcH

470 kQ

G
X
o
[59]
0

VGND_A
OVDD5_A

4
o
o8]
O

Phase Current
Comparator Input Voltage
(Lowest level)

VCMPPCL

Fig. 4.15 Divider Circuit for Phase Current Error Detection
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The threshold voltage Vemp of the comparator with the highest phase current sensor voltage is
obtained by dividing 5 V with 33 kQ and 27 kQ.
9 27 x 103

33 %103+ 27 %103

=225()

VCMP = 50

The threshold voltage Vcwmp is connected to the + input side of the comparator, and the voltage divider
output (Vemercn) of the highest phase current sensor voltage is connected to the - input side of the
comparator. Therefore, the error is detected when following condition is met.
Vemppcn> Vemp = 2.25 M)
The phase current sensor voltage output Vapx of each phase when Vempech = 2.25 V is obtained
as follows when the diode forward voltage drop Vr in the minute current area is taken as 50 mV.

680 x 103
= 3.86 (V)

Vapx = 2.25 + (470 x 103 + 100) + 50 x 1073

The phase current Iapx at this time is calculated from Equation (4-3) as shown below.

iy = Lapx = 25,
—30 x 1073
- (3.86 — 2.5) ~ _45 (4)
—30 x 1073
Therefore, if any one of the phase currents Iapu, Iaov, Iapu fall below -45 A, L-level is output to the
fault detection output (nEMG).
Similarly, the threshold voltage Vcmp of the comparator with the lowest phase current sensor

voltage is obtained by dividing 5 V with 27 kQ and 33 kQ.
33 x 103
27 X103 +33 x 103

=275 (V)

VCMP = 50 X

The voltage divider output (Vcmercr) of the lowest phase current sensor voltage is connected to the
+ input side of the comparator, and the threshold voltage Vcwmp is connected to the - input side of the
comparator. Therefore, the error is detected when following condition is met.
Vempper < Vemp = 2.75 (V)
The phase current sensor voltage output Vapx of each phase when Vemppel = 2.75 V is obtained
as follows when the diode forward voltage drop Vr in the minute current area is taken as 50 mV.

Ve =275 O~ 275) (470 x 103 + 100) — 50 x 1073
ADx — = 680 x 103
= 1.14 (V)

The phase current Iapx at this time is calculated from Equation (4-3) as shown below.

~ (VADx - 25)

lax = 50703
_Q-25
= T30 x 100 - @A
Therefore, if any one of the phase currents Iapu, Iaov, Iapu exceed 45 A, L-level is output to the
fault detection output (nEMG).
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4.8.2. Bus Overcurrent Error Detection

The threshold voltage Vcmpe of the bus overcurrent error detecting comparator is obtained as
follows because 5 V voltage is divided by 4.7 kQ and 15 kQ.
15 x 103
4.7 x 103 + 15 x 103

=3.81(V)

VCMP = 50 X

The threshold voltage Vcwmp is connected to the +input side of the comparator, and a bus current
sensor output Vaps is connected to the - input side of the comparator. Therefore, the error is detected
when the following condition is met.

Vapg > Veup = 3.81 (V)

The bus current Inps when Vaps = 3.81 V is calculated from Equation (4-4) as shown below.

1 _ VADB - 25
APB T 82 x 1073
381-25

=82 x 103 100
Therefore, if the bus current Iaps exceeds 160 A, L-level is output to the fault detection output

(nEMG).

4.8.3. Bus Overvoltage Error Detection

The threshold voltage Vemp of the bus overvoltage error detecting comparator is obtained as
follows because 5 V voltage is divided by 3.9 kQ and 15 kQ.
15 x 103
3.9x 103+ 15 x 103

=3.97 (V)

VCMP = 50 X

A threshold voltage Vcmpe is connected to the +input side of the comparator, and a bus voltage
sensor output Vypc is connected to the - input side of the comparator. Therefore, the error is detected

when the following condition is met.
Ve > Vemp =397 (V)

The bus voltage VP_DC when Vvpc = 3.97 V is calculated from Equation (4-5) as shown below.

VVDC
4.96 x 1073

B 3.97
" 496 x 1073

VP_DC =

= 800 (V)

Therefore, when the bus voltage VP_DC exceeds 800 V, L-level is output to the fault detection
output (nEMG).
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4.8.4. Overtemperature Error Detection

The threshold voltage Vcmp of the overtemperature error detecting comparator is obtained as
follows because 5 V voltage is divided by 33 kQ and 1 kQ. .
1x 103
33x103+1x 103

= 0.147 (V)

VCMP = 50 X

Since the temperature sensor output VtH xx is connected to the + input side of the comparator
and the threshold voltage Vcmp is connected to the - input side of the comparator. Therefore, the
error is detected when the following condition is met.

Vry xx < Vemp = 0.147 (V)
The resistance Rntc of NTC thermistor when Vypc = 0.147 V is calculated from Equation (4-7)
as shown below.

15 X 103 * VTH_XX

R =
NTC 5 - VTH_XX

_15x10%-0.147 _ 45400

T 5-0.147 @)

From the temperature properties of NTC thermistor (B57703M0502G040), when the measured
temperature exceeds approximately 115 °C, L-level is output to the fault detection output (nEMG).
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Terms of Use

This terms of use is made between Toshiba Electronic Devices and Storage Corporation (“We") and Customer who
downloads or uses this Reference Design. Customer shall comply with this terms of use. This Reference Design
means all documents and data in order to design electronics applications on which our semiconductor device is
embedded.

Section 1. Restrictions on usage

1. This Reference Design is provided solely as reference data for designing electronics applications. Customer shall
not use this Reference Design for any other purpose, including without limitation, verification of reliability.

2. Customer shall not use this Reference Design for sale, lease or other transfer.

3. Customer shall not use this Reference Design for evaluation in high or low temperature, high humidity, or high
electromagnetic environments.

4. This Reference Design shall not be used for or incorporated into any product or system whose manufacture, use,
or sale is prohibited under any applicable laws or regulations.

Section 2. Limitations

1. We reserve the right to make changes to this Reference Design without notice.

2. This Reference Design should be treated as a reference only. WE ARE NOT RESPONSIBLE FOR ANY INCORRECT
OR INCOMPLETE DATA AND INFORMATION.

3. Semiconductor devices can malfunction or fail. When designing electronics applications by referring to this
Reference Design, Customer is responsible for complying with safety standards and for providing adequate designs
and safeguards for their hardware, software and systems which minimize risk and avoid situations in which a
malfunction or failure of semiconductor devices could cause loss of human life, bodily injury or damage to property,
including data loss or corruption. Customer must also refer to and comply with the latest versions of all relevant
our information, including without limitation, specifications, data sheets and application notes for semiconductor
devices, as well as the precautions and conditions set forth in the "Semiconductor Reliability Handbook".

4. Designing electronics applications by referring to this Reference Design, Customer must evaluate the whole
system sufficiently. Customer is solely responsible for applying this Reference Design to Customer's own product
design or applications. WE ASSUME NO LIABILITY FOR CUSTOMER'S PRODUCT DESIGN OR APPLICATIONS.

5. WE SHALL NOT BE RESPONSIBLE FOR ANY INFRINGEMENT OF PATENTS OR ANY OTHER INTELLECTUAL
PROPERTY RIGHTS OF THIRD PARTIES THAT MAY RESULT FROM THE USE OF THIS REFERENCE DESIGN. NO
LICENSE TO ANY INTELLECTUAL PROPERTY RIGHT IS GRANTED BY THIS TERMS OF USE, WHETHER EXPRESS OR
IMPLIED, BY ESTOPPEL OR OTHERWISE.

6. THIS REFERENCE DESIGN IS PROVIDED "AS IS". WE (@) ASSUME NO LIABILITY WHATSOEVER, INCLUDING
WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, SPECIAL, OR INCIDENTAL DAMAGES OR LOSS, INCLUDING
WITHOUT LIMITATION, LOSS OF PROFITS, LOSS OF OPPORTUNITIES, BUSINESS INTERRUPTION AND LOSS OF
DATA, AND (b) DISCLAIM ANY AND ALL EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS RELATED TO THIS
REFERENCE DESIGN, INCLUDING WITHOUT LIMITATION, WARRANTIES OR CONDITIONS OF FUNCTION AND
WORKING, WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, ACCURACY OF
INFORMATION, OR NONINFRINGEMENT.

Section 3. Terms and Termination

It is assumed that Customer agrees to any and all this terms of use if Customer downloads or uses this Reference
Design. We may, at its sole and exclusive discretion, change, alter, modify, add, and/or remove any part of this
terms of use at any time without any prior notice. We may terminate this terms of use at any time and without any
cause. Upon termination of this terms of use, Customer shall eliminate this Reference Design. Furthermore, upon
our request, Customer shall submit to us a written confirmation to prove elimination of this Reference Design.

Section 4. Export Control

Customer shall not use or otherwise make available this Reference Design for any military purposes, including
without limitation, for the design, development, use, stockpiling or manufacturing of nuclear, chemical, or biological
weapons or missile technology products (mass destruction weapons). This Reference Design may be controlled
under the applicable export laws and regulations including, without limitation, the Japanese Foreign Exchange and
Foreign Trade Act and the U.S. Export Administration Regulations. Export and re-export of this Reference Design is
strictly prohibited except in compliance with all applicable export laws and regulations.

Section 5. Governing Laws
This terms of use shall be governed and construed by laws of Japan, without reference to conflict of law principle.

Section 6. Jurisdiction
Unless otherwise specified, Tokyo District Court in Tokyo, Japan shall be exclusively the court of first jurisdiction for
all disputes under this terms of use.
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