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SURACHAI WONGFOOKEAT : SOLVING IMPACT OF ELECTRICAL
ARC IN DC DISTRIBUTION PANEL FOR PEA ZE-BUS. THESIS
ADVISOR : ASSOC. PROF THANATCHAI KULWORAWANITCHPONG,

Ph.D., 236 PP.

CONTACT ARC / CAPACITIVE LOAD / INDUCTIVE / LOAD MANAGEMENT /

CURRENT LIMIT / CONTACT MONITORING

This research is a study. The effect of the electric arc in DC bus power
distribution board of electric bus. It duty connected/disconnected from the battery and
the load. In the process of connected/disconnected from the battery and the load, there
must be an auxiliary system before the main relay is activated to supply electricity to
the electric bus. Auxiliary systems typically use auxiliary relay connected series with
a resistor. It will work first to limit current during the opening of the electric bus. Due
to the capacitors connected inside the inverter and the converter. Then the main relay
to power the electric bus. For implement the auxiliary system. The contact of the main
relay is damaged by the arc. From the study, the problem was found. Factors that
affect the contact of the main relay in the DC power supply are damaged. The case of
the current flowing through the main relay contact at startup is much higher than the
rated current of the relay. And when the contact of the main relay is opened while
shutting down the electric bus. This will result in a high rate of current-to-time ratio.
Cause the overvoltage across the main relay contact. [n the case of disregard of the arc

effect, it is higher than the maximum voltage rating of the relay. And when



considering the results of the arc, it was found that the arc force is very high. All
occurred while loading capacitors and inductors were connected to the system.

The solution to the problem arc has implemented solutions in two ways: the
first solution the design of the load management system. To solve the problem in the
PEA Ze-Bus electric bus with PLC to serialize the equipment in the electric bus. By
taking into account the limitations of the system and user safety. The PEA Ze-Bus
has been solved the problem of the relay contact arc. Another solution is to design a
system for controtling the turned on and turned off of an electric bus by using an
IGBT to control the current during before the main relays are operated. And the
current control during shutdown gradually decreases after the main relay stops
working. System performance testing uses simulation and to create an experimental
set for testing. Based on the simulation, it was found that the overcurrent could be
controlled while the main relay started. And it can reduce the voltage to time ratio
during the shutdown of the electric bus. The arc is very low, and in the test did not
take the arc of the relay contact.

There is also a system design for inspecting the relay contact in an electric
bus. To check the quality of the relay contact. The operation relies on the voltage drop
across the relay contact. This is related to the resistance of the relay contact. By the
voltage drop across the relay contacts increase. This means that the resistivity of the
contact surface is also increased, That is, the contact may be an arc or soot at the

contact area.
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//ICAN-BUS Shield, send data

#include <mcp_can.h>
#include <SP1.h>

const int SPI_CS _PIN =g;

MCP_CAN CAN(SPI_CS_PIN); // Set CS pin
wmmmin Global variable declare /////1/1/1111]]/

byte DUMMOo1[23,Vbo,Vb1,Vb2,Vbs; // For send byte 0 and 1
unsigned int inANAo, Vreado,inANA1, Vread1;
T

void setup()

{

Serial.begin(115200);

START_INIT:
if (CAN_OK == CAN.begin(CAN_250KBPS)) // init can bus : baudrate = 250k
{
Serial.printin("CAN BUS Shield init ok!");
}
else
{

Serial.printin("CAN BUS Shield init fail");
Serial.printIn("Init CAN BUS Shield again");

delay(100);
goto START_INIT;

}

}
void A_to_2Byte(unsigned int sepbyte) // Noon added

{

volatile unsigned int Van, VH, VL;

190



191

Van = sepbyte;

VH =Van >>g;
VH = VH & oxooFF;

VL = Van & oxooFF;

DUMMo1[11= VH; // HI
DUMMo1[21 = VL; // LOW
}
void loop()
{

inANAo = analogRead(o0);

Vreado = map(inANAGo, 0, 1023, 0, 500);

A _to_2Byte(Vreado);

Vbo = DUMMo1(13;

Vb1 =DUMMo1[2];

I

inANA1 = analogRead(1);

Vread1 = map(inANA1, 0, 1023, 0, 500);
A_to_2Byte(Vread1);

Vb2 = DUMMo1(13;

Vb3 = DUMMO12Y; /iy

unsigned char stmp[e] = {Vbo, Vb1, Vb2, Vb3, o, 0, 0, 0}
/send data: id = oxoaa, standrad frame, data len = 8, stmp: data buf
CAN.sendMsgBuf(oxoaa, o, 8, stmp);

delay(200); // send data per 200 ms

END FILE but not the end of life.
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T T
#pragma region Miscellaneous Functions
private: void ModifyM sgEntry(MessageStatus™ LastM sg, TCLightMsg" NewMsg)

{

0g_msg = NewMsg;
Sp_timel->Enabled;
if (9gg_msg->ID==0xaa)

{

}

double sensorV1 h, sensorV2_h,sensorV1 |,sensorV2 I;

sensorV 1 _h = Convert::ToDouble(gg_msg->Data] 0]* 0x100);

sensorV1 | = Convert::ToDouble(gg_msg->Data[1]*0x1);

gV1=(sensorV1 h+sensorV1 1)/100; I/l V oltage Of sensorl

sensorV2_h = Convert::ToDouble(gg_msg->Data] 2]* 0x100);
sensorV2_| = Convert::ToDouble(gg_msg->Data[ 3]* 0x1);
gV2 = (sensorV2_h + sensorV2_1)/100; /I V oltage Of sensor2

gauge sp->Vaue=gV1;

gauge tg->Value=gVvz;

label25->Text = gV 1.ToString() +" V" ;
label26->Text = gv2.ToString() +" V" ;

if (sampling_time!=0)

{

Sp_timel->Interval = sampling_time*1;
Sp_timel->Start();

telse  {

if (savelog_checkBox->Checked == true)

{
writelog(gv 1,9V 2);

}



MANHIN A

[y} YY) d a d
TUsUATUMSHAAINALTIAUANAION I TNH a3 1asiA ADUNUADS



193

T T
#pragma region Miscellaneous Functions
private: void ModifyM sgEntry(MessageStatus™ LastM sg, TCLightMsg" NewMsg)

{

0g_msg = NewMsg;
Sp_timel->Enabled;
if (9gg_msg->ID==0xaa)

{

}

double sensorV1 h, sensorV2_h,sensorV1 |,sensorV2 I;

sensorV 1 _h = Convert::ToDouble(gg_msg->Data] 0]* 0x100);

sensorV1 | = Convert::ToDouble(gg_msg->Data[1]*0x1);

gV1=(sensorV1 h+sensorV1 1)/100; I/l V oltage Of sensorl

sensorV2_h = Convert::ToDouble(gg_msg->Data] 2]* 0x100);
sensorV2_| = Convert::ToDouble(gg_msg->Data[ 3]* 0x1);
gV2 = (sensorV2_h + sensorV2_1)/100; /I V oltage Of sensor2

gauge sp->Vaue=gV1;

gauge tg->Value=gVvz;

label25->Text = gV 1.ToString() +" V" ;
label26->Text = gv2.ToString() +" V" ;

if (sampling_time!=0)

{

Sp_timel->Interval = sampling_time*1;
Sp_timel->Start();

telse  {

if (savelog_checkBox->Checked == true)

{
writelog(gv 1,9V 2);

}
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usauANATON usauAnAIoN
wihdudasied wihdudasied
i weng 75 19h Suidudoya i e 75 19h Suidudoya
’Igﬂ"?ll 1 ’Igﬂ"?ll 2 qmﬁ 1 qmﬁ 2

1 0.37 0.37 Tue May 30 13:46:10 2017 23 0.41 0.35 Tue May 30 13:46:14 2017
2 0.37 0.37 Tue May 30 13:46:10 2017 24 0.43 0.35 Tue May 30 13:46:14 2017
3 0.37 0.37 Tue May 30 13:46:10 2017 25 0.43 0.34 Tue May 30 13:46:14 2017
4 0.37 0.37 Tue May 30 13:46:10 2017 26 0.44 0.34 Tue May 30 13:46:15 2017
5 0.37 0.37 Tue May 30 13:46:10 2017 27 0.45 0.34 Tue May 30 13:46:15 2017
6 0.37 0.37 Tue May 30 13:46:11 2017 28 0.45 0.33 Tue May 30 13:46:15 2017
7 0.37 0.37 Tue May 30 13:46:11 2017 29 0.46 0.33 Tue May 30 13:46:15 2017
8 0.37 0.37 Tue May 30 13:46:11 2017 30 0.46 0.33 Tue May 30 13:46:15 2017
9 0.37 0.38 Tue May 30 13:46:11 2017 31 0.46 0.32 Tue May 30 13:46:16 2017
10 0.37 0.37 Tue May 30 13:46:11 2017 32 0.47 0.32 Tue May 30 13:46:16 2017
11 0.37 0.37 Tue May 30 13:46:12 2017 33 0.47 0.32 Tue May 30 13:46:16 2017
12 0.37 0.37 Tue May 30 13:46:12 2017 34 0.47 0.32 Tue May 30 13:46:16 2017
13 0.37 0.37 Tue May 30 13:46:12 2017 35 0.47 0.32 Tue May 30 13:46:16 2017
14 0.37 0.38 Tue May 30 13:46:12 2017 36 0.48 0.32 Tue May 30 13:46:17 2017
15 0.37 0.37 Tue May 30 13:46:12 2017 37 0.47 0.32 Tue May 30 13:46:17 2017
16 0.37 0.37 Tue May 30 13:46:13 2017 38 0.48 0.31 Tue May 30 13:46:17 2017
17 0.37 0.37 Tue May 30 13:46:13 2017 39 0.48 0.32 Tue May 30 13:46:17 2017
18 0.37 0.37 Tue May 30 13:46:13 2017 40 0.48 0.31 Tue May 30 13:46:17 2017
19 0.37 0.37 Tue May 30 13:46:13 2017 41 0.48 0.31 Tue May 30 13:46:18 2017
20 0.37 0.37 Tue May 30 13:46:13 2017 42 0.48 0.31 Tue May 30 13:46:18 2017
21 0.39 0.37 Tue May 30 13:46:14 2017 43 0.48 0.31 Tue May 30 13:46:18 2017
22 0.4 0.36 Tue May 30 13:46:14 2017 44 0.48 0.31 Tue May 30 13:46:18 2017
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usauANATON usauAnAIoN
wihdudasied wihdudasied
i weng 75 19h Suidudoya i e 75 19h Suidudoya
agﬂ"?; 1 agﬂ"?; 2 qmﬁ 1 qmﬁ 2

45 0.48 0.31 Tue May 30 13:46:18 2017 67 0.48 0.32 Tue May 30 13:46:23 2017
46 0.48 0.31 Tue May 30 13:46:19 2017 68 0.48 0.32 Tue May 30 13:46:23 2017
47 0.48 0.31 Tue May 30 13:46:19 2017 69 0.48 0.32 Tue May 30 13:46:23 2017
48 0.49 0.31 Tue May 30 13:46:19 2017 70 0.48 0.32 Tue May 30 13:46:23 2017
49 0.49 0.31 Tue May 30 13:46:19 2017 71 0.48 0.32 Tue May 30 13:46:24 2017
50 0.48 0.31 Tue May 30 13:46:19 2017 72 0.48 0.32 Tue May 30 13:46:24 2017
51 0.49 0.31 Tue May 30 13:46:20 2017 73 0.48 0.31 Tue May 30 13:46:24 2017
52 0.48 0.31 Tue May 30 13:46:20 2017 74 0.48 0.32 Tue May 30 13:46:24 2017
53 0.49 0.31 Tue May 30 13:46:20 2017 75 0.48 0.31 Tue May 30 13:46:24 2017
54 0.49 0.31 Tue May 30 13:46:20 2017 76 0.48 0.31 Tue May 30 13:46:25 2017
55 0.49 0.31 Tue May 30 13:46:20 2017 77 0.48 0.31 Tue May 30 13:46:25 2017
56 0.48 0.31 Tue May 30 13:46:21 2017 78 0.48 0.31 Tue May 30 13:46:25 2017
57 0.48 0.31 Tue May 30 13:46:21 2017 79 0.47 0.31 Tue May 30 13:46:25 2017
58 0.48 0.31 Tue May 30 13:46:21 2017 80 0.48 0.31 Tue May 30 13:46:25 2017
59 0.48 0.31 Tue May 30 13:46:21 2017 81 0.47 0.31 Tue May 30 13:46:26 2017
60 0.48 0.31 Tue May 30 13:46:21 2017 82 0.47 0.31 Tue May 30 13:46:26 2017
61 0.48 0.31 Tue May 30 13:46:22 2017 83 0.47 0.31 Tue May 30 13:46:26 2017
62 0.49 0.31 Tue May 30 13:46:22 2017 84 0.47 0.31 Tue May 30 13:46:26 2017
63 0.48 0.32 Tue May 30 13:46:22 2017 85 0.47 0.31 Tue May 30 13:46:26 2017
64 0.48 0.31 Tue May 30 13:46:22 2017 86 0.47 0.31 Tue May 30 13:46:27 2017
65 0.48 0.31 Tue May 30 13:46:22 2017 87 0.47 0.31 Tue May 30 13:46:27 2017
66 0.48 0.32 Tue May 30 13:46:23 2017 88 0.47 0.32 Tue May 30 13:46:27 2017
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USIAUANATON H3IAUANATON
wihdudaSiad wihduiaSiad
i weng 75 19h Suiiudonya i e 75 19h Suiiudonya
’lgﬂ"?ll 1 ’lgﬂ"?ll 2 qmﬁ 1 qmﬁ 2

1 0.46 0.46 Tue May 30 14:21:11 2017 23 2.65 0.53 Tue May 30 14:21:15 2017
2 0.46 0.45 Tue May 30 14:21:11 2017 24 2.72 0.53 Tue May 30 14:21:15 2017
3 0.46 0.45 Tue May 30 14:21:11 2017 25 2.78 0.54 Tue May 30 14:21:15 2017
4 0.46 0.46 Tue May 30 14:21:11 2017 26 2.82 0.54 Tue May 30 14:21:16 2017
5 0.46 0.46 Tue May 30 14:21:11 2017 27 2.85 0.54 Tue May 30 14:21:16 2017
6 0.46 0.46 Tue May 30 14:21:12 2017 28 2.89 0.54 Tue May 30 14:21:16 2017
7 0.46 0.46 Tue May 30 14:21:12 2017 29 291 0.54 Tue May 30 14:21:16 2017
8 0.46 0.45 Tue May 30 14:21:12 2017 30 2.94 0.55 Tue May 30 14:21:16 2017
9 0.46 0.45 Tue May 30 14:21:12 2017 31 2.96 0.55 Tue May 30 14:21:17 2017
10 0.46 0.45 Tue May 30 14:21:12 2017 32 2.97 0.55 Tue May 30 14:21:17 2017
11 0.45 0.45 Tue May 30 14:21:13 2017 33 2.98 0.55 Tue May 30 14:21:17 2017
12 0.46 0.45 Tue May 30 14:21:13 2017 34 3 0.55 Tue May 30 14:21:17 2017
13 0.53 0.46 Tue May 30 14:21:13 2017 35 3.01 0.55 Tue May 30 14:21:17 2017
14 0.97 0.47 Tue May 30 14:21:13 2017 36 3.02 0.55 Tue May 30 14:21:18 2017
15 1.33 0.48 Tue May 30 14:21:13 2017 37 3.02 0.55 Tue May 30 14:21:18 2017
16 1.62 0.49 Tue May 30 14:21:14 2017 38 3.03 0.55 Tue May 30 14:21:18 2017
17 1.87 0.51 Tue May 30 14:21:14 2017 39 3.04 0.55 Tue May 30 14:21:18 2017
18 2.06 0.51 Tue May 30 14:21:14 2017 40 3.04 0.55 Tue May 30 14:21:18 2017
19 2.23 0.52 Tue May 30 14:21:14 2017 41 3.04 0.55 Tue May 30 14:21:19 2017
20 2.37 0.52 Tue May 30 14:21:14 2017 42 3.05 0.55 Tue May 30 14:21:19 2017
21 2.48 0.53 Tue May 30 14:21:15 2017 43 3.06 0.55 Tue May 30 14:21:19 2017
22 2.58 0.53 Tue May 30 14:21:15 2017 44 3.07 0.55 Tue May 30 14:21:19 2017
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USIAUANATON H3IAUANATON
wihduiaSiad wihduiaSiad
i weng 75 19h Suiiudonya i e 75 19h Suiiudonya
’lgﬂ"?ll 1 ’lgﬂ"?ll 2 qmﬁ 1 qmﬁ 2

45 3.07 0.55 Tue May 30 14:21:19 2017 67 3.11 0.56 Tue May 30 14:21:24 2017
46 3.08 0.55 Tue May 30 14:21:20 2017 68 3.11 0.56 Tue May 30 14:21:24 2017
47 3.08 0.55 Tue May 30 14:21:20 2017 69 3.11 0.56 Tue May 30 14:21:24 2017
48 3.08 0.55 Tue May 30 14:21:20 2017 70 3.12 0.56 Tue May 30 14:21:24 2017
49 3.09 0.55 Tue May 30 14:21:20 2017 71 3.12 0.56 Tue May 30 14:21:25 2017
50 3.09 0.55 Tue May 30 14:21:20 2017 72 3.12 0.56 Tue May 30 14:21:25 2017
51 3.09 0.55 Tue May 30 14:21:21 2017 73 3.12 0.56 Tue May 30 14:21:25 2017
52 3.09 0.55 Tue May 30 14:21:21 2017 74 3.12 0.56 Tue May 30 14:21:25 2017
53 3.09 0.56 Tue May 30 14:21:21 2017 75 3.12 0.56 Tue May 30 14:21:25 2017
54 3.09 0.56 Tue May 30 14:21:21 2017 76 3.12 0.56 Tue May 30 14:21:26 2017
55 3.09 0.55 Tue May 30 14:21:21 2017 77 3.12 0.56 Tue May 30 14:21:26 2017
56 3.1 0.55 Tue May 30 14:21:22 2017 78 3.12 0.56 Tue May 30 14:21:26 2017
57 3.1 0.55 Tue May 30 14:21:22 2017 79 3.12 0.56 Tue May 30 14:21:26 2017
58 3.09 0.55 Tue May 30 14:21:22 2017 80 3.12 0.57 Tue May 30 14:21:26 2017
59 3.09 0.55 Tue May 30 14:21:22 2017 81 3.11 0.56 Tue May 30 14:21:27 2017
60 3.1 0.55 Tue May 30 14:21:22 2017 82 3.11 0.56 Tue May 30 14:21:27 2017
61 3.1 0.55 Tue May 30 14:21:23 2017 83 3.11 0.56 Tue May 30 14:21:27 2017
62 3.1 0.56 Tue May 30 14:21:23 2017 84 3.1 0.57 Tue May 30 14:21:27 2017
63 3.1 0.56 Tue May 30 14:21:23 2017 85 3.1 0.57 Tue May 30 14:21:27 2017
64 3.11 0.56 Tue May 30 14:21:23 2017 86 3.09 0.57 Tue May 30 14:21:28 2017
65 3.11 0.55 Tue May 30 14:21:23 2017 87 3.09 0.57 Tue May 30 14:21:28 2017
66 3.11 0.55 Tue May 30 14:21:24 2017 88 3.09 0.57 Tue May 30 14:21:28 2017
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HIIAUANAION HIIAUANATON
wihduiaSiad wihduiaSiad
i weng 75 19h Suiifudeya i e 75 19h Sufifudeya
’lgﬂ"?ll 1 ’lgﬂ"?ll 2 qmﬁ 1 qmﬁ 2

1 0.49 1.46 Tue May 30 14:07:23 2016 23 0.49 1.61 Tue May 30 14:07:27 2017
2 0.49 1.46 Tue May 30 14:07:23 2017 24 0.5 1.6 Tue May 30 14:07:27 2017
3 0.49 1.47 Tue May 30 14:07:23 2017 25 0.5 1.61 Tue May 30 14:07:27 2017
4 0.49 1.48 Tue May 30 14:07:23 2017 26 0.5 1.61 Tue May 30 14:07:28 2017
5 0.49 1.49 Tue May 30 14:07:23 2017 27 0.49 1.61 Tue May 30 14:07:28 2017
6 0.49 1.51 Tue May 30 14:07:24 2017 28 0.5 1.61 Tue May 30 14:07:28 2017
7 0.49 1.52 Tue May 30 14:07:24 2017 29 0.5 1.61 Tue May 30 14:07:28 2017
8 0.49 1.54 Tue May 30 14:07:24 2017 30 0.5 1.61 Tue May 30 14:07:28 2017
9 0.49 1.55 Tue May 30 14:07:24 2017 31 0.5 1.61 Tue May 30 14:07:29 2017
10 0.49 1.56 Tue May 30 14:07:24 2017 32 0.5 1.61 Tue May 30 14:07:29 2017
11 0.49 1.57 Tue May 30 14:07:25 2017 33 0.5 1.61 Tue May 30 14:07:29 2017
12 0.49 1.58 Tue May 30 14:07:25 2017 34 0.5 1.61 Tue May 30 14:07:29 2017
13 0.49 1.58 Tue May 30 14:07:25 2017 35 0.5 1.6 Tue May 30 14:07:29 2017
14 0.49 1.59 Tue May 30 14:07:25 2017 36 0.5 1.6 Tue May 30 14:07:30 2017
15 0.49 1.59 Tue May 30 14:07:25 2017 37 0.5 1.61 Tue May 30 14:07:30 2017
16 0.49 1.59 Tue May 30 14:07:26 2017 38 0.5 1.61 Tue May 30 14:07:30 2017
17 0.49 1.6 Tue May 30 14:07:26 2017 39 0.5 1.61 Tue May 30 14:07:30 2017
18 0.49 1.6 Tue May 30 14:07:26 2017 40 0.5 1.6 Tue May 30 14:07:30 2017
19 0.49 1.6 Tue May 30 14:07:26 2017 41 0.5 1.6 Tue May 30 14:07:31 2017
20 0.5 1.6 Tue May 30 14:07:26 2017 42 0.5 1.6 Tue May 30 14:07:31 2017
21 0.49 1.6 Tue May 30 14:07:27 2017 43 0.5 1.6 Tue May 30 14:07:31 2017
22 0.5 1.61 Tue May 30 14:07:27 2017 44 0.5 1.6 Tue May 30 14:07:31 2017
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45 0.5 1.6 Tue May 30 14:07:31 2017 67 0.5 1.59 Tue May 30 14:07:36 2017
46 0.5 1.6 Tue May 30 14:07:32 2017 68 0.5 1.59 Tue May 30 14:07:36 2017
47 0.5 1.6 Tue May 30 14:07:32 2017 69 0.5 1.59 Tue May 30 14:07:36 2017
48 0.5 1.6 Tue May 30 14:07:32 2017 70 0.5 1.59 Tue May 30 14:07:36 2017
49 0.5 1.6 Tue May 30 14:07:32 2017 71 0.5 1.59 Tue May 30 14:07:37 2017
50 0.5 1.6 Tue May 30 14:07:32 2017 72 0.5 1.59 Tue May 30 14:07:37 2017
51 0.5 1.6 Tue May 30 14:07:33 2017 73 0.5 1.59 Tue May 30 14:07:37 2017
52 0.5 1.6 Tue May 30 14:07:33 2017 74 0.5 1.59 Tue May 30 14:07:37 2017
53 0.5 1.6 Tue May 30 14:07:33 2017 75 0.5 1.59 Tue May 30 14:07:37 2017
54 0.5 1.6 Tue May 30 14:07:33 2017 76 0.5 1.59 Tue May 30 14:07:38 2017
55 0.5 1.6 Tue May 30 14:07:33 2017 77 0.5 1.59 Tue May 30 14:07:38 2017
56 0.5 1.6 Tue May 30 14:07:34 2017 78 0.5 1.59 Tue May 30 14:07:38 2017
57 0.5 1.6 Tue May 30 14:07:34 2017 79 0.5 1.59 Tue May 30 14:07:38 2017
58 0.5 1.6 Tue May 30 14:07:34 2017 80 0.5 1.59 Tue May 30 14:07:38 2017
59 0.5 1.6 Tue May 30 14:07:34 2017 81 0.5 1.59 Tue May 30 14:07:39 2017
60 0.5 1.6 Tue May 30 14:07:34 2017 82 0.5 1.59 Tue May 30 14:07:39 2017
61 0.5 1.6 Tue May 30 14:07:35 2017 83 0.5 1.59 Tue May 30 14:07:39 2017
62 0.5 1.6 Tue May 30 14:07:35 2017 84 0.5 1.59 Tue May 30 14:07:39 2017
63 0.5 1.6 Tue May 30 14:07:35 2017 85 0.5 1.59 Tue May 30 14:07:39 2017
64 0.5 1.6 Tue May 30 14:07:35 2017 86 0.5 1.59 Tue May 30 14:07:40 2017
65 0.5 1.6 Tue May 30 14:07:35 2017 87 0.5 1.59 Tue May 30 14:07:40 2017
66 0.5 1.6 Tue May 30 14:07:36 2017 88 0.5 1.59 Tue May 30 14:07:40 2017
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Modeling and Simulation of Switching Transients in Electric Bus
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Abstract: This paper descnbes modeling and simulation of swilching ransient behaviors during elactnc battery bua vehicle charging,

The switching lransient curment can damage relay contacts in the power distribution box. This problem anses during developing an
alactric batlery bus

par by Lithiw n battery. The Lithium-ion batteny rating s 196 kWh with 6560 VDC oulpul. L s usad o

supply the wheel-hub motor of 2x60 KW continuous rating via two DC/AC inverters. To study the swilching transient Betavior!

MATLAB/SIMULINK is employed as a ool for simulation. The lest cases applied in this work are the varation of initial SOC (state of

charge) before close/open the ralay contacts. The resulls can be used for SUrge suppression design in order to protect the relay
comMacta.

Prraers distrbution Hos or nigh voltage bax can be repressnt by Fag, 1 Simutation resull are open to allemate svery 500 & Iniial

siste of change (SO0C) 8t 10% with battery voltags 630 V. It 5OC

At With 100 % whan the battery vollage will be 700 . Current of
And tha second case simulation model of pay losd

The rodel is divided iNto two case in the simulation. in the first cass
simulation of chargar Tor 3 the n ol

in charging relay. charging relay 1B maximum value at 12 A and it reguced when
attery for Menitonng e response of Bwitching transient in ay o eley, SOC tigher up. Similar, voltage across chaging relay is

massmum value a1 50 V and I reduced when SOC hugher up

Fig.1: high voltage bex

Case | : Sinulation model of charger

currant starting tme at 0. 1ma.
And switching trEnsent voltages simulstion starting time at 0.1s
slop tme al O2s. To companson resull with another SOC. it SOC
withy 100 3% whwn eukh current about 24kA ared il reduced when
BOC will be raduted. Similar, I SOG with 100% when voltage
Surgen Aot 1TRV s it reauced when SOC will be redused)

Figy @ sivudation moodsl of shargar

This moded s used 1o charge he Datlery wilh 8 constant Surant. This
mathod s ihe conrol voltnge to e Batieny 1o e chagnd wilh conaiant
current. Initisl state of charge (SO0 &t 10%,

Case Il @ Simulation model of pay load Battery

Coin __‘-‘_“‘*%‘

Fig. 3. simulanon modol oiiay I0@H Bl

This modal used initial state of charge (SOC) ot 20% because SO of
Datiery can not be lower than 10%. The following paramelar of loads
connected with high vollege Gox ore used.

RO =010 802

LD = 0.08 mH

11 = 40 L2

L1 = 1200 mH
Wityers

RO s resistance of wire.

LO 13 mdustance of wirg.

RO i resistance of devics 10 Connactsa wilh hgh voltage box,

LD is inductance of device 10 connaated with Righ vollage box. Fig 12: currant st SOC 100%. Fig.13: vollage al SOC 100%.

The resulls shoewsd that in the firsl cases voltage of Dattery is rse nol over 700 V. Ana when SOC nigher up current flows. through the relay and

voltisga oross relay are educed. In the second Gase MUSh curant coours duning Ihe initial Ioad, bul voltnge surges SCEul When culting lead. Innush’
curreni and volsge surges e Intensiied when e SOC ghor up.
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ABSTRACT

This paper presents Pl-servo with state-D feedback for DC motor control. The effect
of winding temperature is included in the DC motor model. This temperature causes
slow change in dynamic responses of the DC motor. The response of the proposed control
and the dlassical Pl control are compared and investigated. With the proposed control
method, the effect of winding temperature to the DC motor control can be reduced. The
control result shows that the DC motor with the proposed control give satisfactory
response and provided good stability.

1. INTRODUCTION

DC motors can be used extensively in industries such as automatic control system,
robotic, electrical vehicle, etc. Control of a DC motor can be used either Pl controllers
or other. But the increase in motor's resistance with winding temperature variation
causes the motor's thermal time constant to be increased while its electrical time
constant is reduced. In case of permanent magnet motors there are tie reversible
thermal demagnetization that reduces the motor constant presented by Richard H.
Welch Jr. and George W. Younkin (2002). This thermal effect can degrade controller
performance.

Pl servo with state-D feedback for LTI systems has recently been reported by
Sarawut, S., Witchupong, W. and Surachai, W. (2012). It is noticed that most of these
results are aimed for disturbance rejection by state-D and command following control.
An advantage over the conventional state feedback is that it results in smaller
derivative gains.

This paper proposes Pl-servo system with state-D feedback control DC motor with
consideration of thermal effect by using the pole-placement approach. Section 2 of the
paper explains the DC Motor with thermal effect. Our design gain Pl and state D
controller for DC motor are presented in Section 3. Section 4 provides results for DC
motor control, while conclusions follow in Section 5.

! Graduate Student
* Professor
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Fig. 1 Diagram representing a DC motor model

2. DC MOTOR MODEL WITH THERMAL EFFECT

DC motor model can be represents by the diagram in Fig. 1. The dynamic system
can be described by a state Eq. (1).

b K(T) Ay
7] o s (| L
>y . M+ “ W (1)
W) KAL) (R (T) LT L [LH]

L, o J,

Copper winding's resistance at a témperature change, is given by Eq. (2) and can
be found in Richard H. W. Jr. and George W. Y.( 2002).

R,(T)=R,(1,)[1+0.00393(T - 7,) ] (2)

In permanent magnet motors K, (7') and K, (7)depend on each specific magnet
material and temperature. It described by Eqg. (3) and Eq. (4) respectively as given in

Richard H.W. Jr. and George W.Y. (2002).
K(T)=K.(T,)[1-B(T-T)] 3)
KAT)= KAL) 1=B(T=1,)] (4)
where

R, (T,)= armature resistance () at specified temperature (°C)
L. = armature inductance (H)
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b = coefficient of viscous friction (Kg-m?/s)
J. =armature inertia (Kg-m?)

K_(7,) = motor voltage constant (V-s/rad) at specified temperature (&)
K,(T,) = motor torque constant (Nm/A) at specified temperature (C)

W = angular speed of the motor shaft (rad/s)

& = armature current (A).

[ = DC voltage fed to armature circuit (V).

T, = |oad torque (Nm).

44 = specified temperature ( C)

T = winding's temperature ( C)

T,, =ambienttemperature ('C)

B = coefficient for each magnet (Alnico = 0.0001, SmCo = 0.00035,
NdFeB = 0.001, Ferrite = 0.002)(/ C')

R, = thermal resistance ( C /W)

T = thermal time constant (s)

The temperature increase in DC motor can be described by Eq. (5). Eq. (6)
illustrates the ODE of changed temperature as given in Nisit, K. De. and Prasanta K.
Sen (2006). Power dissipation can be expressed by Eq. (5).

Poy = iR (T) ' 5)
(1) = (P B YEP (T~ (P ¥R ) + T )€ (6)
ar 1 (Pa <R+ T.) o

dt T T

The following parameters of the motor are used: R, =0.87Q, L, =0.00062H ,
h=0kg-m'/s, I, =7.06667x107 kg-m* , K, =0.0161 V-s/rad, K, =0.016] NmwA, R, =6.2
€ W, r=1200s, B(Alico)=0.0001 / C , T,=00565 Nm, V, =15V, T,=25 C,
T, =30 C. Substitute these parameters into Eq. (1). Eg. (8) can be formed.

o 0 2,2783 e 0 1,612,977,
H i - . + 5 : (8)
Li, |7} =25.968 «=1.404.2 | i, | [1.4151x10° o ||v

Based on Eq. (7) temperature rise in the DC motor is shown in Fig. 2. Temperature
started rising from 30 C to be saturate at 166.3°C within 2 hours. Armature
resistance R, K_and K, are changed accordingly by Eg. (2), Eas. (3) and (4). Fig. 3
illustrates the armature resistance changed by the temperature. It started from 0.87Q
to 1.355Q at the same 2 hour period. Fig. 4 exhibits the motor voltage and torque
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constant K, and K, . They are slightly reduced from 0.0161 to 0.0159.

ture {ERicaous |
2

Time (h)

Fig. 2 Temperature rise in the DC motor

08}

2

0.6}

02

n- . ) i . WE "
['] 1 2 3 4 L] L] 7 B
Time {h)

Fig. 3 R, with the thermal effect
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Fig. 4 K and K, with the thermal effect
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Fig. 5 described the speed of the DC motor without a controller following with a step
input ¥, =15V, and the load torque of 0.0565 Nm. The response curves’in Fig. 5(a)
indicate that the response with the thermal effect caused the speed reduction down to
641.6 rad/s. In terms of the rise-time, the response obtained with the thermal effect was
slower. Fig. 6 illustrates the current of the DC motor. The response curves in Fig. 6(a)
indicate that the current response i, with the thermal effect was increased from 3.51 A

to 3.56 A. In terms of the rise-time, both responses with and without the thermal effect

are similar.

i [A)

BOO
700
with tharmal effect i
without thermal efect
3 _. 500
B
i 400}
. sa0}
200
100
4 S 0 i N
4 5 6 7 8 [ 002 004 006 008 01

Time {H)

(a)

Time {8)

(b)

Fig. 5 Speed of the DC motor without controller
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002 004 OO0 008 01
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Fig. 6 Current of the DC motor without controller
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3. PI SERVO WITH STATE D FEEDBACK CONTROL
A DC motor system having single input and single output can be described by
k= Ax+Bu 9)
y=Cx g (10)

The system states are fed back through the gain matrix K,, and the error signal,
the difference between the reference input (r) and the output (y), is fed forward to the
proportional-integral (P1) controller. This error signal is denoted as ¢ . The block diagram

can be shown in Fig. 7 to represent the control system. Therefore, Eq. (11) and Eq.
(12) express the control signal and the error signal, respectively.

u=-Kx+kE+ké (10)
'{%:!‘—_}'=F'-'CX (11)

where ¢ is the output of the integrator, &, and &, are controller parameters. The design
problem is to find the gains &, k, and the matrixK, .

Recall the DC motor state matrix as in Eq. (8). Let states x=[w i,]" . .The general
form of the state equation as described in Eq. (9) can be written in detail as

‘ 0!l 22783 0
X X+ u (13)
~25.968 —1,404.2 1,612.9

Since, the speed of the motor is defined as the single output, Eq. (14) give the
output equation.

v=[1 0]x (14)

Fig. 7 Block diagram representing the Pl-servo and state-D feedback control
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Employing the Frobenius canonical form designated by
F=Tx,x=T'F

A, and B, can be simply obtained from Eq. (15).

A; =TAT", B, =TB (15)
where
- a*aT
T=[q g - qA’] (16)
g=h'm" (17)

q is a (1xn)vector. M is the controllability matrix expressed by
M=[B AB] (18)

One can obtain the Frobenius form of the system, Eq. (13) as F=A_F+B.u.
Transformation of the system results in the Frobenius form of

l'i‘=[ g : JF+[0]:: (19)
—-59,162 —1,403.2 1

The control signal for the state-D feedback can be written as

u=-K,F J (20)

In which K, =[k, &, |and K,=K,T. Therefore, F =AF -B,K,F represents the
system  with the inner feedback loop. It is characterized by

A, (s)=det [.\-{ 1+ B, K, )- A,] , which is desired to be A (s)=a,s" +a, 8" ++as+a,.

Assign the desired poles located at —1653,-147.01 . The desired characteristic
polynomial can be expressed as

A(s)= 0.24347s° +438.245+ 59,162 (21)
For the inner loop control system, the characteristic polynomial is given by
A, (s)=as vagt &) | KAS=(1kp)st #(1,4032+k,,)s+59,162.  (22)
For comparison, A, (s)=A,(s), where a, =q, . Calculate the gain matrix K, by

K,=[a,-a, a,-1|T
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K, =[-993.96 -0.75653]T
K, =[-0.0002626 -0.00046905]

We can write the equation describing the error dynamic as

ée=Ae+Bu, (23)

where A, =| A U} : B,:P
| =C

: (} , .:\:{1+BKd}",a\, B=(1+BK,) B and the control
)

signal
u =K,e (24)

where K, = [—k},c kJ . The error dynamic represented by Eq. (23) is characterized by

the characteristic polynomial A, (s)=f,s" +f, 8" +---+ fs+f,, in which g, =1. We
can write the error dynamic by

0 2,2783 0 0
é=|-106.66 —-1,800 Ole+|6,624.7 [u,. (25)
1 0 0 0

Assign the desired poles at —102.16+ j129.99, —1,595.7 for the Pl-servo control part,
and A (s)=s"+1800s" +3.5336x10°5+4.3617x10" is the characteristic polynomial.
Calculate the gain matrix K by

K,=-[0 0 1][B, AB, AjB,] #(a)

For the error dynamic, A, (s)=p8,s"+f, "' +.-+ fs+p, represents the desired
characteristic polynomial. From the Cayley-Hamilton theorem, we can write

¢{A,)=Af +BA+ A +p1=0 (26)

Resulting in-k, =-0.0073119and k, = 02.8899.

4, SIMULATION RESULTS

To be compared with the Pl controller designed by Ziegler-Nichol's method to
achieve the same pole locations as given above, one can obtain the k, =0.0618 and

k =9.27. The step reference input at 742 rad/s, and the torque disturbance of 0.0565
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Nm are applied 1=0 s. Fig. 8 illustrates the current of the DC motor. The response
curves in Fig. 8(a) indicates that the response of the PI controller and the PI servo with
state-D feedback gave the same result. The response i, of the thermal effect case is
increased from 3.51 A to 3.56 A similarly to that of the uncontrolled case: In terms of

the rise-time, the response of the Pl controller has overshoot larger than that of the Pl
servo with state-D feedback.

4 _ . &
35~ %0 PO with thermal efiact
PLD withaul thermal eflact
5 PI-D with thermai sfisct P1 with thermal effect
PILD withaut thermal efisct 40 Pl witheut themmal efiect
. Pi wilh thennal efect
28 Pl without tharmal effect
£ 3 4
L) .}
20
15
i
L |
o !
05
g @ .
| L .
o 1 2 3 4 5 -] a 0 0005 001 0045 002 0025 003 0.035 004 0045 005
Tima {h) Time: (s)

(a) (b)
Fig. 8 Current response of the DC motor with controllers

800 L/ o . .- 00 WA N .
70 - | [
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7 s P1 with thermial afisct
B ¥ o Pl witheut therma! effect
= a0 = |
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200 2001
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o y . . | e . S
0 1 ] 3 ] 5 6 T (] 0 0005 001 0015 002 Q025 003 0035 0.04 0045 008
Tierws (1) Time (s)
(a) (b)

Fig..9 Speed of the DG mator with controllers

Fig. 9 illustrates the speed of the DC motor. The response curves in Fig. 9(a)
indicate that the response with the thermal effect, without the thermal effect, the PI
controller and the Pl servo with state-D feedback give the same result. In terms of the
rise-time, the speed response with the Pl controller experiences overshoot larger than
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that of the Pl servo with state-D feedback. The overshoot of the responses is also
similar. On the other hand, the rise-time of the thermal effect case is longer than that
without the thermal effect. For Pl servo with state-D feedback, the rise-time without the
thermal effect is faster while the overshoot of the response with the thermal effect can
be observed.

5. CONCLUSIONS

An integrator in the Pl controller exhibits no steady-state errors in the response to
the step input. The state-D feedback has an advantage over the conventional state
feedback. It can reduce the zero effect. This paper has presented a control design
method via the pole-placement approach for the DC motor speed control system with
consideration of the thermal effect. The Pl-servo with state-D feedback control and the
Pl control to achieve control objectives are similar. Furthermore, the controller design
by using the proposed procedures is very simple and effective.
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ABSTRACT

This paper presents Pl-servo with state-PD feedback for position control of DC motor .
The response of the proposed control and the Ogata’s method are compared and
investigated. With the proposed control method, in terms of the rise-time, the response
with the Ogata’s method experiences overshoot of the responses is also similar. But
rise-time of the PI servo with state-D feedback control faster than the Ogata’s method.

The control result shows that the position control of DC motor with the proposed give
satisfactory response and provided good stability. An advantage over the conventional
state feedback is that it results in smaller gains.

Keyword: Pl Servo Control, State-PD Feedback, DC Motor

1. Introduction
DC motors can be used extensively in industries such as automatic control system,
robotic, etc. Position control of a DC motor can be used either PID controllers or
other (E.L. Oberstar). One approach is to design controller by Pl-servo system with

state-PD feedback control. This paper proposes a new design method Pl-servo system

with state-PD feedback controller by using the pole-placement approach to control
position of DC motor. In order to apply the proposed method, the mathematical model
of the system must be firstly linearlized and converted into Frobenius canonical form.
Then feedback gain matrix and proportional-integral gains can be -obtained (S.
Sujitjorn,” W, Witchupong, S. Wongfookiat; S. Puwani, S. Nundrakwang, T.
Benjanarasuth, 7. Ngamwiwit, and N. Komine). The satisfied performances of the
system controlled by the proposed controller are shown by simulations. Section 2 of
the paper explains the basic of DC motor model. Our main design procedures are
presented in Section 3. Section 4 provides simulation result and discussion, while
conclusion follows in Section 5.
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2. DC Motor Model
DC motor model can be represents by the diagram in Fig. 1. The dynamic system can
be described by a state Eq. (1).

I,o

Fig. | Diagram representing a DC motor model.

" 0 1 0 9 0 0 3
@w|=0 25 w|+| 0 Ll (1
: L A L L |7
‘.’ :I
... L
I kL %
Where

R = armature resistance ()

L, = armature inductance (H)

b = coefficient of viscous friction (Kg-m¥s)
J, =armature inertia (Kg-m?)

K_ = motor voltage constant (V-s/rad)

K, = motor torque constant (Nm/A)

@ = angular speed of the motor shaft (rad/s)
i = armature current (A).

¥, =DC voltage fed to armature circuit (V)

The following parameters of the motor are used: R, =0.87 Q4 L, =0.00062 H,
b=0kg-m*/s., ], =7.06667x10" kg-m* , K_=0.0161 V-s/rad, K, =0.0161 Nm/A,,
¥, =15 V. Substitute these parameters into Eq. (1), Eq. (2) can be formed.

al [o 1 0 ] 0
®|=]0 0 2,2783 ||@|+| O |V, 2)
i 0 -25968 -1,404.2|i | |1,612.9
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3. PI Servo with State PD Feedback Control
The system having single input and single output can be described by

X = Ax+Bu (3)
v=Cx 4)

The system states are fed back through the gain matrix K, and K, , and the error signal,

the difference between the reference input () and the output (), is fed forward to the
proportional-integral (P1) controller. This error signal is denoted asé. The block
diagram can be shown in Fig. 2 to represent the control system. Therefore, Eq. (5) and
Eq. (6) express the control signal and the error signal, respectively.

u=-Kx-K x+k E+k& (5)

E=r-y=r-Cx (6)

Where & is the output of the integrator, k, and k, are controller parameters. The

design problem is to find the gainsk,, & , matrix K and matrixK,.

Fig. 2 Block diagram representing the Pl-servo and statesPD feedback control

Employing the Frobenius canonical form designated by

%, =TX, X3=Tx,

Apand B, can be simply obtained from Eq. (9).
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0o 1 0
K =TAr'=|0 0 1

B, =TB=|0 (M

C=Cr'=lg & c_\]

Where
T :|'q qA q;\"]{ (8)
g=h'm" ©)

q isa (Ixn)vector. M is the controllability matrix expressed by
M=[B AB A'B] (10)

One can obtain the Frobenius form of the system, Eq. (3) as %, = A.x, +B.u. and
Eq.(4) as v, =C.x, Transformation of the system results in the Frobenius form of

0 1 0 0

. =0 @ I X +{ 0 fu (12)
0 -a, -a 1

Y= [:', o, c,]x, (13)

For inner loop, the control signal for the state-PD feedback can be written as

u=-K.x, —K x/ (14)

In which K, =[k,, k;,].K,=K;Tand K =[k; ki,). K, =K.T. Therefore,

X, = Ax, + By (K x, — K X, )represents the system with the inner feedback loop.
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It is characterized by A (s)=|s(T+B.K;)-A, +BK;|, which is desired to
be A, (s)=as' +a,s° +as+a,. For position control of DC motor system, the
characteristic polynomial is expressed as

A (s)=(1+kg, )5t +(a, +hp, + koo )s® +(ay kg, )5+ kg, (15)

For outer loop, the control signal for the Pl-servo with state-PD feedback can be

written as

u=-Kx, KX, +k E+k& (16)
Therefore, X, = Apx; + BF(—KFil. -K 33 +kﬂ.__5 +kl‘_f) represents  the DC  motor

system. It is characterized by A (s5) =

s1—Ap+sB. K, +B.K,; +(i({_,,_. + ‘—k—'f-] B,C,
8

which is desired to be the characteristic polynomial A, (s)=s"+ B+ ps’+ B+ B,

For the system, the characteristic polynomial is given by

A, (s)=s5"+

“a, vk, ke, +L"kh,] . ("'1 + gy + ks ook, + 00K, } .
- : §" + — : 8
\ 14 O 1+kg,

; (17
+[ km +['|'I(,.- +'L11kr ].s‘ + r.',k,
\ L+k,y v 1+,

For comparison, A, (s)=A, (s)calculate the gain matrix by
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ko ]
A
k
100 0 0 ks ﬁ‘f_a’
01 0 ¢ Ok +ks kl
00 L 6 o|lk+4ks |2 ,83—'5;—‘—@ (18)
000 ¢ ¢ i g
000 0 (& k, ﬁlf_k(-‘l
k.
K 3

Recall the DC motor state matrix as in Eq. (1). Let states x= [U @ :'“]T, The

general form of the state equation as described in Eq. (2) can be written in detail as

0 | 0 0
x=[0 0 2,278.3 |x+ 0 |u (19)
0 -25968 —-1.4042| |1,612.9

Since, the position of the motor is defined as the single output, Eq. (8) give the output

equation.
y=[I 0 0]x (20)

One can obtain the Frobenius form of the DC motor system, Eq. (19)
asX, = A X, +Bgu. And Eq. (20) as y; = Cpx, Transformation of the system results
in the Frobenius form of

0 I 0 0

. =0 0 b (xp+| Oqn (21)
0 -59162.8944" =1404.2 1

v, =[3674670.07 0 0]x, (22)

Assign the desired outer loop poles located at—2+ 2.097,-10,-20. The desired
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characteristic polynomial can be expressed as

A, (s)=s"+34s" +328.399s* +1051.9735 +1679.817 (23)

Calculate the gain matrix by Eq. (18) desired gains matrix

K, =[-8.0501x10" -19106x10* -6.1992x10™]

K

p=

[2.72|3x|0"‘ -8.0501x10° -0.4353}

k,=9.9654x10"and k =5.9368x10".

4. Simulation Results
The proposed method to be compared with the Ogata's method to achieve the same

dominant pole locations (K. Ogata). The dominant poles as given by

P =~¢o, t jo1-¢’ 24)
Where

p,.= complex dominant poles

¢ = damping ratio
@, = natural frequency

Ogata’s method can obtain the K = [2,285?x 10° -0.016087 -0,86I93]. The input

reference is unit step, Fig. 3 illustrates the position of the DC motor in term rise-time.
The response curves indicate that the response of the Ogata’s and the PI servo with
state-PD feedback gave result. In term rise-time the PI servo with state-PD feedback
rises to 0:89.s and Ogata’s risse to 1.01 s. The overshoot responses are similar at 1.05
unit. The settling time (steady state error 2%) the PI servo with state-PD feedback settle
at 1.99 s and Ogata’s settle at 2.09 s,
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Step Response
1.4 = 2 S '
Systert sys System sys
1.3 Time (sec): 1.56 Time (sec): 2.08
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Ogala's
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Fig. 3 Response of the position control of DC motor
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Fig. 4 Response of the position control of DC motor with torque disturbance

Fig. 3 illustrates the position of the DC motor with the torque disturbance of 0.1 unit
are applied ¢=3s. The response curves indicate that the response the Pl servo with
state-PD feedback give the result faster than the Ogata’s method response can be
observed.
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5. Conclusion
An integrator in the PI controller exhibits no steady-state errors in the response to the
step input. The state-PD feedback has an advantage over the conventional state
feedback. It can reduce the zero effect. This paper has presented a control design
method via the pole-placement approach for the position control of DC motor. The
Pl-servo with state-PD feedback control and the Ogata’s method to achieve control
objectives are similar, But in term rise-time of the Pl-servo with state-PD feedback
control faster than Ogata’s method. Furthermore. the controller design by using the
proposed procedures is very simple and effective.
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P1-Servo with State-D Feedback Control for LTI Systems
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Abstract: This study proposes a new Pl-servo with state-D feedback control design method for linear time-
invariant systems of type-0. The method aims for simultaneous command following and disturbance rejection
control objectives. The main theorem with proofand design procedures are presented. Two numerical examples
serve to demonstrate the advantages of using the proposed method compared with the classic Ogata’s method.

Keywords: Pl-servo, state-D feedback, type-0 LTI systems

INTRODUCTION

Conirol design via state-variable method has well
established for many years. Many design approaches are
available as described by Ogata (2002a), for instance. For
LTI systems, the pole-placement method has been a
fundamental design approach, primarily gain feedback
through state(s) and output(s). The emerging concept of
state-derivative (state-D) feedback was explained in the
context of geometry Lewis and Syrmos (1991). Recently,
stabilization and disturbance rejection via polesplacement
using state-D feedback have been presented (Abdelaziz
and Valasek, 2003, 2004; Moreira e al., 2010). The state-
D feedback is fundamentally practical and has' an
advantage over the conventional state feedback in that it
results in smaller gains. A practical example is that a
derivative signal can be derived from an accelerometer
output in a vibration control system (Kwak et al., 2002a;
Reithmeier and Leitmann, 2003b), In studies such as
Abdelaziz and Valasek (2005a), Duan ef al. (2005b) and
Kwak et al. (2002b), LORs to achieve the state-D
feedback were reported. A simple design based-on
conventional state feedhack to achieve the state-D
feedback is also possible (Cardim er al., 2007). Other
results of the pole-placement for multivariable systems
with state-Dfeedback can be found in papers such Araujo
et al. (2009a), Abdelaziz (2010, 2009, 2007), Abdelaziz
and Valasek (2008 by c)yand Earia ef al. (2009). Results on
state-P1D feedback for LT systems-hayve recently been
reported by Sujitjorn and Wiboonjareon™ (2011). It s
noticed that most of these results are aimed for
stabilization; state regulation and disturbance reject
ohjectives, not command following or servo objective,
Servo design for LTI systems using state-variable
approach is possible, for mstance the materials found in

Ogata (2002a) and Puwani et al. (2006). Design
approaches for plants of type-0 and -1 are somewhat
different. For a type-1 plant, the closed-loop system
naturally exhibits no steady-state errors, In contrast, a
type-0 plant needs an additional integral element in the
forward path to achieve the same.

This study proposes a new design method for type-0
Pl-servo system with state-D feedback controller by using
the pole-placement approach. An integrator is augmented
to the system so that the system will exhibit no steady-
state errors in the response to step input. In order to apply
the proposed method, the mathematical model of the
system must be firstly lincarlized and converted into
Frobeni ical form. Then feedback gain matrix and
proportional-integral gains can be obtained. The satisfied
performances of the system controlled by the proposed
controller are shown by simulations,

PROBLEM DESCRIPTION

A linear time-invariant dynamical system having
single input and single outputis completely controllable
and described by

X = Ax+Bu, x(1) =, (1
y=Cx (2)

where x € R" is the state vector, u € R is the scalar control
input, A (n=n) is the system matrix, B{nx1) is the control
gain vector, C{1%n) is the output matrix and y is the
output. The system characteristic polynomial resulted
from the A matrix is represented by:

Corresponding Author: Sarawul Sujitjorn, Control and Automation Research Unit: Power Flectronics, Machines and Control
Research Group, School of Electrical Engineering. Suranaree University of Technology, Thailand
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=] B oG] jf LT

Fig. 1 Block diagram repr ing the proposed control

A(s) =det(sl-A) = a, 5"+ a,, 5"+ +a,5+ey i3)

The system states are fed back through the gain
matrix K and the error signal, i.e., the difference between
the reference input (r) and the output (y), is fed to the
proportional-integral (P1) controller. This error signal is
denoted asz . The block diagram shown in Fig. 1
represents the control system. Correspondingly, Eq. (4) -
(5) expresses the control signal and the error signal,
respectively:

=—K.Yk.=+kt. @

E=r—y=r-Cx )

where, £ is the output of the integrator, k, and k; are
controller parameters. The design problem is to findithe
gains k, and k; the matrix K, To do this, the original
system m:cds 1o be lmnsfnrtmd into the Frobenius
canonical form designated by:

F=Tx.x=TF 6y

inwhich F(r){n=1) is the transformed state vector, T(n*n)
is the transformation matrix, Ag(n=n) is the transformed
system matrix and By(n>1) is the transformed control gain
vector, Thesmatrices A; and By can be simply obtained
from (7):

= TATY Brs TB ]
where,

T=[qqA .. qA™) (8)

q=h' M ©

qisa (1=n) vector. M is the controllability matrix of the
system (1) and is expressed by:

of Pl-servo and state-D feedback elements
M=[BABA'B .. A"'Bj (10

M has rank n and h = [0 0 ... 1]"is a unit vector. One can
obtain the Frobenius form of the system (1) as,

E = AF+Bu,ic,

fe 1 o0..0] [n .
[ | 0
8 M - o

] Ol (11)
o0 01

— ity — ey — =,
MAIN RESULTS

Referring to the system in Frobenius canonical form,
the control signal for the state-D feedback can be written
as:

-K; ¥ (12)
in which K, = [k, k; ... k] and K;=K; T. Therefore,

F= A.F - B K, F represents the system with the inner
feedback loop. It is characterized by Ays) =
det[s(I+B, K,)-A,], which is desired to be Ad(s) =0, 8"+
o 8%+, te s ey, where o, = a, and a, = 0. For an n
order system, the characteristic polynomial is expressed
as:

Ags) = (1 +k,) s"Ha,  Hhy g 5+ (8K s+,

(s

Consider the system (1), to the pole-pl t
by the state-D feedback and Pl-servo control having the
control i as in (4), thé system can be described by:

5 Aot 5[- Kyx+ a,-:»—k;,.':J

x=Ax—BK v+ BE+ Bk, £

x=Ax = BK 4 x+ Bkié+ Bk o(r — Cx)

2899
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welrsemr,) ax—(reox,) " B, an
cre (e 8k, ) B (14 B, ) BE

Assume that the reference input is a unit-step function, for
1 = (the dynamical representation of the system in (5) and
(13) can be rewritten in a matrix form as follows:

[xin] | ™ : { \

['| ‘|=,1:.1;A_.] A-(1+BE,) BKC 1+ BK,| 8K, |

i v |
- b (14)
[x(aﬂ I B )

|Elfli‘ | 4+ BK,| BK,rr)

L J | 1 !

For an asymptotically stable system, y (=) =r ; § (=), (=)
and u(=) must converge to constant levels including zero.
Therefore, at steady-state:

il [ A= e L
“ ( Ill_ (£ U+ BKa) BkpC (14 BKy) er&,J
[ af n
1

$ =) L (15}
C (|| (o iy ) BEp |

£ ()] A
and {16) follows:

) it ]

&n-&=]

[crs i,y a- (0 o) ox or + BK,) Bk, o=tz )) ey

- i _E_;'lr]— eS|

or in short form:

'irtrj

el 1)

[ . . b (1N
(remy |1| l(.lH.l*_"{!-r.HKg} 8l

| -¢ o &[] @ J
where X0t} = x(t)-x{=) , £ (t) =£(t)- E(==) and
u, (1) = u(t)(=) = -KaCx, (k£

[ %0}
Define i) = l ;| O8N0 error vectorof m ordér
(m=n+1). Equation (17) can be rewritten as:
e= A,e+ B, (18)

4 0 B . .
where, 4 -| oo Bl Azt mr) b= (e 8K) e

and the control signal:
u =K (19)

where, K ;= [-k,C k. The error dynamic represented by
{18) is characterized by the characteristi¢ polynomial A,
(s) = Bs"+f,,. s+ ..+B5+P,, in which f_ = 1. From
(18) and (19) one can obtain (20) with its associated
characteristic polynomial in (21):

e=(A+ B K, (20)

AM(.¢I=dci[m’1 — A= BK,, 21

Theorem 1: For a completely controllable LTI system (1)
of order n. the state-D feedback to achieve the desired
characteristic polynomial A (s) = a,s" + &, ;s + ...+ a5
+ o, employs the control u = -K, © where, K, = KT the
Pl-servo to achieve the desired characteristic polynomial
Afs)= P+ B s™! + o+ Pistf, m=n+1 is the order
of the output feedback system, employs the control u, =
K, ¢, where K, = [-k.C k]. The gain fatrices can be
calculated from:

K, = [a, -@a-a;..a, -a,,a, - I]T (22)

K,=-[00.. 01][B AB . A" B] @A) (23

Proof: - = A, I-'+B,[— K, A-“]repTE,wnm the inner closed-
loop system in Frobenius form. For an n-order system, its
characteristic polynomial is:

Ayfs) = det[s(I+BK ) - Acl= agta, kst b
(a, itk 8" H1+k,)s" (24)

Through the coefficient matching of (24) and the
desired polynomial A(s)ofe can obtain. K, = [« -a,
;- 8, ..t~ 8, &, JT. The formula (22) is concluded.
For proof of this‘part see Proposition 2. 14n Sujitjorn and
Wiboonjarean (2011}

Forthe error dynamic (20), A, (s) = B,s™p,, s™'+
.4P,stP, represents the desired characteristic
polynomial. From the Cayley-Hamilton theorem, we can
write:

Q{}}=§”¢ﬁﬁ”"_l U (25)

2900




226

Res. J. App. Sci. Eng. Technol., 4(17): 2898-2904, 26112

Consider a dynamic of third-order, we can express:

I=1
A= AFB Ky,

A =(4+ 8K, f = Al + ABK, + BK A

B+ BK) =4 BBE, + ABK, + T BE T

and (26) follows for i, = 1:

B+ BAs A4+ A= g+ A4+ BK)
AU+ ABK s BEK A)+ A+ ATB K, (26)
+ ABK A+ BK A

Due to (25) F 0+ @A+ g, A°

F AT =@(A)=0 and

Bol + B A + Al + A =¢(A))#0 | one can wrife:

AK,+ BK A BE A
2(4)=-8] . Y. . |
BABK, + ABK A+ 48K,

Since @A) =0 :
HAY=—B (MK, + K, A K, A7)
+ A B AR+ K A) ] BIKpi

[BK, Bk A Kpdl]
-8 8 a,’}f.]l Bk + Kd (27)
| £ NG

Equation (27) can be rewritten as:

Ir,&“x" ¥ 'J?fxn;' KFI’
(8 48] 00a)- | Bk kA ' (28)
| K

pi

Multiplying both sides‘of {28 by T0 01}, we obtain:

~[oo IIEl ABy 4f B|I-|E9f.4|] .
[BK i+ Bk i 4 K i |
[0 01] B+ K i = K
| KF'

Q 1 2 T 4

3 o 7 K Y i
Time (s}

Fig. 3: Time-domain responses of DC motor speed control
system

in other words:
k,=-loo 1|8 48 A48]'e(4) @9

Therefore, the formula (23) is concluded for the system of
an meorder. This completes the proof.
The followings are design procedures:

Step 1: Transform the system (1) in Frobenius form
using Eq. (6) - (R).

Step 2: Assign poles for the inner loop of state-D
feedback and express the desired characteristic
polynomial of the form Ajs) = es"+a, | s" '+
sty

Step 3: Calculate the gain mairix K, using (22)

Step 4: Assign poles for the Pl-seérvo loop and express
the desired characterisiic polynomial of the form
A, (8) = Bus™ B 8%+ B is

Step 5: Calculate thegninmatrix K, using (23)

The above design procedures are very simple to
eonduct-They offer an advantage of assuring stability of
the inner state-D feedback loop and the Pl-servo control,

The effectiveness of the proposed method is
demonstrated via the following numerical examples of a
DC-motor speed control and a mechanical vibration
control, respectively. The results are compared with those
obtained from using Ogata’s method (Ogata, 2002a).
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Fig. 4! Diagram representing a mass-spring-damper system

Numerical examples: This section presents two examples
to show the effectiveness of the proposed method in
comparison with Ogata’s method. The first example is
speed control of a DC motor. Relevant calculations are
presented in details in a step-by-step manner. The second
example is vibration control of a mass-spring-damper
system of 4"-order. Calculations are presented in brief.

Example 1: The diagram in Fig. 2 represents the speed
control of a DC motor. The system dynamic can be
described by a state Eq. (30):

h q &
I_| I{;—:J_{ bt | 0 |
i I Ry i [ AL (30)
e L
where R, is armature resistance (£2) y
L, = Armature inductance (H)
b = Coefficient of viscous friction (Kg-m’/s)
Jo = Armaturé inertia (Kg-nr')
Ky = Motor voltage constant (V-s'rad)
K; = Motor torque constant (Nm/A)
w = Angular speed of armature shaft (rad’s)
iy = Armature current (A)

In (300, states x = [w i,]" and control input u = Vy,.
Physically:V,; is a DC voltage fed to the armature circuit.
The following parameters of the motor are used: R, =30
Q, L, = 0.00169H, b= 5.8% 10" kg-m’ /5, 1, = 1.06%10"
kg-m?, K, = 00283 V-s/rad and K, = 0.0283 Nm/A
(Oberstar, 2005¢).As a resilyy Eq. (34 describes the
motor:

. [-54717 26698 0 -
16746 —17751 +_59|.?2J" eh

Speed of the motor is defined as output and hence the
outpul equation:

7 - xl e - x_‘

Z b

A4 .k W

/ AMAA,

? VW L] . L —--f
? Yyyy

“A

Z,

%

y=[10]x (32)

Design calculations according to the proposed method are
as follows:

Step 1: Transformation of the system (31) results in the
Frobenius form of:
i Ti‘
+ "
|

with the corresponding characteristic polynomial
of:

[ o 1
| - 544215 10° - 17757

A(8) = (1+k;) s (17757 +k,) s+5.4421x10°

Step 2: Assign the desired poles of -5.5+j2; hence A(s)
= §+118+34.25 is the desired characleristic
polynomial

Step 3: Calculate the gain matrix K using (22) resulting
in K, = [0.0044367 26.851]. Al this stage, we
can write the equation describing the error
dynamic as:

32847 < 1M
003724 Ju,

-54717 26698 01 [
~ 0000|4985 ~ 55283 0 e+
-1 n 0

Step 4: Assign the desired chagacteristic polynomial
Ays)=5"+9.5 57+ 35995 s + 40.625 to achieve
the desired poleg.of=1.5 =j 2, -6.5 for the Pl-
servo control,

Step 5:Calealate the gain matrix K using (23) resulting
in k= -0.00029415 and k, = 0.04086.

Based-on Ogata’s method, one can obtain the gain
matrix K = [-0.0283 -29.988] for state feedback and k =
3.6925% 10" for l-servo control. Note that the same poles
as in Step 4 above were assigned. One can observe that
the magnitudes of the state-D feedback gains are smaller
than those of the proportional gain feedback and the

2902
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Fig. 5: Time-domain responses of vibration control of a mass-
spring-damper system

magnitudes of the Pl-servo gains are somewhat larger
than the I-gain of Ogata’s method. Figure 3 illustrates the
simulation results of the motor following a unit-step
reference input and an external disturbance of 0.1 units
oceur at 6 s. The response curves indicate thatythe
proposed method provides a smooth control, whilst
Ogata’a method renders a tight control with o small
overshoot, In terms of rise-time, the response obtained
from the proposed method is slower, but it settles
in 2.3 5 while that obtained from Ogata’s method settles
in 4 s, In effect, the proposed method provides a fast
response to the reference command. Note that both
methods provide about the same figures of disturbance
recovery dime of 2 s,

Example 2: A mechanical system proposed in Ogata
(2004b) is now considered. Figure 4 shows the diagram
representing this system. The linear model describing the
system can be casily obtained as:

SESRIN [T | 1] 0 (1]

o ky ko b Ry by | 0

X 1. "y my o my |2

D /)0
) 2

wrl i VSRR =

Sl ™ s oty L "y

The system shown in Fig. 4 can be described by (33), in
which the states x, . %, are defingd as displacements of the
masses m, and m,, respectivebyt the inpul @ represents the
force f acting on the mass m.; @ is the input force
le; the ¢ ks and b indi the spring and
I pectively; the displacement x, of the
mass m, is defined as output. The system parameters are
as follows: m, = 10 kg, m,= 20 kg, k, = 30 N/m, k, = 60
N/m. b =20 N-s/m and ot = 10, Therefore, we obtain (34a,
b) as the state and the output equations of the system:

Il

_|~9 -2 8 0 i

i= o 0 0 it -I« (34a)
12 1 -3 -1f [os

y=[1000] x (34b)

In order to achieve the pole locations at -10 % 2 ~15
+j2 for the state-D feedback, the characteristic polynomial
A, (s)=5"+ 505"+ 933 57+ 7700 s + 23816 is specified.
As a result of applying (22), the gain matrix K, =
[0.21355 -0.90066 -0.16241 -1.9992] is obtained. The
design proceeded to describe the error dynamic of the P1-
servo control results in (35):

~2THAY - 19667 —TBHAT —d4E O 13131
-1 i 1] o ol (o

Agfs)=s'+ 548" +39236 5"+ B198.6 5 + 29753 5 +
36040 is the desired characteristic polynomial to achieve
the desired poles at -2 + j,-0.4 £ {12,-50 for the Pl-servo.
By applying (23), we finally obtain:

K, = [-0.40558 -0.8124 0.78067 -0.0036278 4.5398]
i.e. k,= 040558 and k; = 4.5398,

Using Ogata's method to achieve the same pole
lacations as above, one can obtain the proportional gains
K =[6651.9524.01 -494.5 103.6] and the I-servo gain k,
= 12013, Apparently, both gain sets have much larger

des than those resulted from the proposed method.

Figure 5 illustrates the response curves due to a unit-step
input and an external disturbance of 0.1 units of
magnitude. Noticeably, the proposed method provides
very satisfactory responses. which contain neither
overshoot nor oscillation. Morcover, the command
following response settles in 4 Sand the System recovers
from the external disturbance in 2 s, whilst those obtained
from Ogata’s*method are Wghly oscillatory and settle
more show!ly.

CONCLUSION

This study has presented a new control design
method via pole-placement approach for type-0 LTI
systems, The proposed method incorporates state-D
feedback and Pl-servo to achieve disturbance rejection
and command following control objectives. Calculations
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via the proposed design procedures are very simple and
effective, Two numerical e have deme ithe
advantages of using the proposed method over the classic
Ogata’s method in that the obtained gains are smaller in

q 1

Cardim, R., M.CM. Teixeira, E. Assuncao and
M.R. Covacic, 2007a. Design of state-derivative
feedback controllers using a state feedback control
design. Proceedings of the 3rd IFAC Symposium on
Sy , Structure and Control, Iguassu Falls, Brazil,

magnitude and the closed-loop system resp I
and faster,
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Abstract

This paper focuses on problem-solving for large outrush eurrent from DC power supply to capacitive load in an electric vehicle,
This outrush current occurs during a pre-charge state of traction battery to cause high spike peak and consequently damage the
main switching contact and the battery cell. In this paper the eurrent control to gradually increase the outrush current by hot swap
controlier was proposed. The responses of the proposed control and the elassical control were compared and investigated. With
the proposed control technique, the impact of harmful outrush current can be reduced. As a result, the hot swap controller gave
satisfactory responses and provided good stability
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Keywords: capacitive loads: hot swap: pre-charge: outrush current

1. Introduction

The most critical component of the electric vehicle is a set of traction batteries used for on-board electric motor
drives. The need for the traction battery results in increasing both its energy and power rating. In general, the price
of a battery is effectively about half of the electric vehicle capital cost. Due to such an expensive traction battery. it
is necessary to pay more attention in such a way that the battery efficiency is maximized while any harmful risks
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during its operation are minimized. To extend the life of the battery, limiting its transient current at the start-up can
prevent an unexpected damage that might be occurred. In electric vehicle propulsion systems, filtering capacitors are
connected to their DC link. Therefore, the outrush current is drawn intrinsically during either making or breaking the
main power supply contact. This may result in an electrical arc, which may damage the battery main relay contact.

Consequently, to use the traction battery in the above mentioned circumstance, a pre-charge system may be
required to limit the current surge. This surge typically takes several seconds, depending on the system property. An
old fashion system used resistors by connecting in series with its load at the beginning to reduce the outrush current
and then bypassing the resistors after the outrush current died down.

This paper presents a hot swap control method by using the MOSFET. A controlled current is kept constant by
adjusting its voltage at the MOSFET’s gate pin, Section 2 explains the classical control design of resistors for the
pre-charge system. Our proposed design of the hot swap control is presented in section 3. Section 4 provides the
results of the pre-charge and the hot swap controls, and the conclusion is in the last section.

2. Classical control design

The pre-charge control is commonly used in most electric vehicles. The pre-charge circuit diagram can be shown
in Fig.1. The resistor is connected in series with the pre relay to bypass the positive relay for limiting the outrush
current. Basically, the pre-charge circuit operates as deseribed in the following steps. The system is shutdown, all
the relay contacts are switched off. When the system is back to service, the pre relay and the negative relay are both
switched on to bridge the pre-charge circuit energizing the load through the pre-charge resistor. If the outrush
current is measured or estimated somehow, the positive relay is switched on when the outrush current decreases to
an unharmed value. The load is now energized from the battery by two parallel paths. Therefore the pre relay is
switched off after a certain delay to terminate the pre-charge state.

Positive Relay
Pre Relay
Baftery N_ Resistor Capacitor
—T -~
Negative Relay

Fig 1. Pre-charge control circuit

The resistance of the pre-charge resistor is chosen based on the capacity of the capacitive load and the desired
pre-charge time [1]. The capacitor voltage (1. ) at time ¢ during the charging period is given as:

V=V, [1 W } (n
c=Fgll-e
Where:

V. is the yoliage-across the capacitor

¥, is the supply voltage

7 = RC is the time constant of the RC charging circuit
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It notes that the RC charging circuit is exponentially characterized. Therefore, after five-time constants, the
capacitor is considered to be fully charged. The resistor in the pre-charging circuit is designed by time constant
consideration. For a desived pre-charge time of 550 ms with a total capacitance of 1000 uF and the initial capacitor
voltage of 465 V, the pre-charge resistance can be calculated as follows:

T 550ms

R= =
5C 5x1,000

=110=1200 (2)

The power dissipated to the pre-charge resistor is:

po 485, 801875~ Lgoow (3)
R 10

3. Hot Swap Controller

The hot swap control is proposed in this paper. It can be shown in Fig. 2. The MOSFET is connected in parallel
with the positive relay. The operation of the hot swap control is summarized in the following steps. Initially, the
system is de-energized, all the relay contactors and MOSFET are switched off. When the system is re-energized, the
MOSFET and the negative relay are switched on to limit the outrush current. The MOSFET bypassing circuit as

shown in the figure has its function as the pre-charging resistor bridge as mentioned previously.

Positive Relay

Battery MOSFET | o Capacitor

Negative Relay

Fig. 2. Hot swap control.

For the linear region, the MOSFET current can be described by [3]:

Iy ='§;[I.I|_\_i.m]\ )

.
K= . (5)

z(i-m{ i) "\ ! .u-)Rtw{m - f.l-[-.n R::,,,,
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For charging the capacitor with a fixed current, it is determined to be fully charge after spending 5t. However.
the capacitor voltage is just only 99.3% of its floating voltage value. Thus, the charging time can be expressed by (6)
and (7) can be formed to solve for I,

v 9.993“1 i
Iy

(6)

.
J',_f‘k+(—2i'b.s.l'¢}+[lj\:—%]=lj (M

For the capacitance of 1000 4F with the initial capacitor voltage of 465V, and 1, of 0.178 A, from data sheet
[4]. ¥, and the charging time can be 5 V and 2.59 s, respectively. Power dissipated in the hot swap circuit can be
calculated by (8) while the thermal junction temperature is given in (9).

Py= I, %V, =0.178x465=71.20 (8)

Ty =T + (P -0y ) =35+(71.2:06)=77.72 € (9)

Because this thermal junction temperature is less than the operating range of MOSFET, this verifies that the

MOSFET is suitable for limiting this outrush current. The dissipated power as in (10) shall be within the safe
operating area (SOA) as described in Fig. 3.

$04, =504, ., 12221 _ (0,178 x 45} L33
T 15025

o

= 65.50 (10)

W, Drain-Source Valiage [V]

Fig. 3. Safety operating area,

Comparing the result in (10) with Fig. 3 provides the design verification. With this design. the MOSFET can
operate safely.

4. Simulation Resulis

The proposed hot swap method is-under the same condition-as the pre-charge resistance control. The rated
voltage and floating voltages of the battery are 400-V and 465V, respectively. Fig. 4 illustrates the pre-charge
control, In Fig. 4(a), the pre-relay is switched on at = 5 s and switched off at 1 = 7 5. The outrush current sharply
increased to 3.9 A for charging the capacitor, and then, reduced to nearly zero. Consecutively, the positive relay was
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switched on at ¢ = 6.5 s, the outrush current suddenly increased to 24 A. The last figure showed the load current.

The Fig. 4(h) showed the voltage across the pre-relay, positive relay and load.

.

a
Fig. 4. Pre-charge resistance control (m curves; (b) Voltage curves.

The Fig. 5 was the result of the hot swap o ethod. ffg;l-'ig. 5(a). the MOSFET was switched onatr=3 s

and switched off at 1 = § s, the current was fixed A. Consequently, the positive relay began at r = 6.5 s, the

current increased to 2.3 mA. After the M
4.6 mA, The last figure showed the load
relay and load. The load voltage increase

ted, the current flowing through the relay increased to
ig. 5(b) showed the voltage across the pre-relay, positive
linear =3stot=4.65 as its maximum voltage.

Fig. 5. Hot swap control (a) Current curves, (b) Voltage curves.
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5. Conclusion

The hot swap and pre-charge resistance control methods can be achieved to reduce the outrush current. Hot swap
controller has advantages over the pre-charge resistance control. The outrush current in the positive relay by using
the hot swap control method is smaller than that of the pre-charge resistance control method. The amplitude of the
current from the MOSFET is time-dependent. The smaller the current, the longer the time. In the design, the hot
swap controller must be in the safe operating area. Remarkably, the control design by using the proposed procedure
is very straightforward and efficient. b
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