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1. ~-1M€l'Url7t11:U~eJ b tJ,Q 

1.1 Power converters ~'U'J~bJl'YleJ::/b,h.:i 1 VleJ5U7tlbb~fl~'U'J~bJl'Yl\il'W€lb'U7 h (2 fl~bb'W'W) 

1.2 v\'11:u~e:i-1~e:i anti-parallel diode 'lJ'Ul'Wfl'U switching device 1m.:i~1 power converter ~1.:i1 (2 fl~bb'W'W) 

1.3 fll'J?lrub~tiv\ controllable switch (Loss) iJ~tl'JUJWl ~-1eJ5'U'ltlbb~fl~'U1~bJl'Vl m'Wm'fo'lJtl (2 fl~bb'W'W) 
'IJ V 

1.4 '11m.:i~1 full-bridge de/de converter '111.:i~·i.:i ii'·1i1'€l.:in111vf DC motor '\111.:i11.J1'W quadrant v\ 3 bbrl~ i
0 

n1ii'.:ib~:ut'W switches bbfl~ diodes (;)')bVl'Wii'e:i.:iv\'1.:i1'W bbfl~ ii'11fie:i.:in11v\'1.:i1'W1'W quadrant v\ 4 switches bbfl~ 

diodes (;)1 bVl'W~e:i-1v\'1.:i1'W (2 fl~bb'W'W) 

.d 
Quadrant 'VI 3 

switches Vl1eJ diodes ............................ . 

.d 
Quadrant 'VI 4 

switches Vl1€l diodes ............................ .. 

1.5 Separately-excited de motor (;)lVl~.:i111~.:i'\ll1-17'W1'WbVl:U\i1 Forward Motoring (FM) \vl.:ii'lJ-ir1-1~w111t1ifo 

i\'1:umMEJ4(;)1,Qv\'1.:i1'U1tJ1 Vl:U\11 Forward Regenerating (FR) ~-1171i1\:P1'Vl7.:i'lJ€l.:im~bb?lbi'JVh i
0

, .ff1bb1-1\vl'W1vJvh V
0

, 

'Y!P1'Vl1-1'lJ€l.:i ~, 0)/11 bbrl~ J; (3 fl~bb'W'W) 

DC Motor DC Motor 

+ 

2 



"" 'lleH:lf1i:l 'ai?I '------ ----------- ----------

1.6 -;;i..:ivn transfer function G .. (s) = m"' (s) 1~V111..:i speed mi~load torque '1JeN Separately-excited 
"'

11 T
1
(s) 

de motor b~Bhii1~1;1'1Je).:J armature voltage (V(s) = 0) (4 fl~bb'U'U) 

1.7 t71i;1\?JA7 integral time (Ti) i;1.:Jbb~1 A1'1leN rise time, settling time, overshoot bbi;l~ stability '<il~b'U'U 

eici1..:ib (b'Vliitu, fl.:J~, i;Wm.:i, ~tu, 'Vl~D bbci1;1..:i) (2 flnb'W'U) 

rise time .................................................................. settling time ................................................................. . 

overshoot ................. ...... ..... .. ... . . . .... ...... .. . . ... .......... stability .......................................................................... . 

1.8 '<il'1€l6U1t.lfl11l;1\?1 steady-state error 1um1r1Tu~mb'IJ'U Pl m~moif1h (2 ri~bb'W'U) 

1.9 -;;J.;JU€lfl'V€l~bbi;1~'Vm~t.1'1JD.;J Derivative control (2 A~bb'W'U) 

1.10 fl11eJ€lflbbUU step number (S) '1JD.;J stepping motor M1'Vl~.;J tu€l~num~lru1-:i (2 A~bb'W'W) 

1.11 '<il-:J17\?J1.;J'<iJ1'UU Stepping motor 4 b'VJ'i'l 'i'IJ.J~&i111..:i'<il1b'U'WbbUU Unipolar voltage L\?lt.11-il' Zener diode 

suppressor (2 A~bb'W'U) 
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d 
'IHH'l~fi __________________ 1i?1 __________ _ 

2. (15 ri::;bb'U'U) Separately-excited DC motor 1?11'\/1~'1 n1~-1~1t11Vlfl{?)~ 1,000 kW 1(?1tJllm(,leJ1f11~'1Vllj'UJi'18 

f111llb ~1 900 rpm (t 'U~1'1 Field weakening region) "il'1Vl1thdh1Bmy,j'/JeJ'1llm(,leJ1 1'Lif111V11'11'U'IJf.1.!::;d 
., 

11 m=i~ Luti\91'1.J eJ-111eJ b(,leJ1i1\il-11'.J 

- r11tln\91: 1500 kW, 600 V, 2650 A, 600 rpm (rn1m~1~-1~\91 cc.c 1,500 rpm) 

- bb1'11il'LI1'1'1Yl7(9lnf1-;ieJ11V1bb'lh-1~1'U 2 V 

- Armature winding: Ru = 0.003645 Q, La = 0.1 mH , Kc :::: 1.0 V/rpm 

- Field winding: R 1 = 10 Q, L,, = l 00 mH , m~bb?l'Wfl\91'V\91i;l1\91?l'U111 (Field winding) = 65 A 

N-m 
- Machine frictional torque coefficient = 15 --­

rad /sec 
- bb1'1~'LI1Y1Yh(,lnr1-;ieJ11 field winding ?111111ri'\.Jfofi11~ 

- bb1'1\il'U1vJ~1(,lnr1"ieJ11 armature winding mm1riu-rufi11\91 
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"" '1J€H'iflfl 1'Vlli1 ' ------------------- ------------

3. (25 fl~Ll.'W'Ll) '17fl'U€l 2 tl7:W€Jb\,le.J1cii'1d~n'LJ'U~181..'l'11 Power Converter #1 LLfl~ field winding '/J€l..'l:W€JL\,1€J'i 

flfl'LJ'U~18 1..'l'11 Power Converter #2 L~mJ1'Um~LL61b'W'rh it li11'1J\91'Vlni11t11..'l'11 Power Converter J..:i;;10..:i 
'\J ' 

t:1flfl1'Ufl:W b~t.11>11 Controller ~..'lTU'LJ7.:J~7..:i 
'\J ' " 

R , La la It a ----v--.-v, 

- '<A~ I - ----1\iV'v -

Rt? 
+ 

.> 

POWER l, POWER 
CONVERTER Va CONVERTER 

#2 -< e #1 Lt . 
-s; 

) 

[~) 
I -

C 
/ 

/~ L Switch Separately excited DC motor Switch 

7 i Control Signals 
7 I Control Signals 

Controller 

3.1 f1761:Wl.J~171..'l":il"j Power Converter #2 ~~1t.11vfn'U field winding Ltl'Ll Single-phase controlled rectifier 

~1ajiJ free-wheeling diode b~8rJ..'l'11'U'l.JlJ AC voltage input, Vin = 2121.sin((t)t) Volt, Lij0 (t) = 27t50 

rad/sec '1..'l17~1'lh.:J'11 Single-phase controlled rectifier ~hlil free-wheeling diode ,i 
'\J \ 

3.3 t11?1:w~~111.:i-.;i1 Power Converter #1 ~~1t.11vi'nu armatur~ winding L'U'Ll 4-quadrant chopper zj..:iiJ 
~ ~v ~ ' 

Yr117:WL\,101~..'l'U 

- 1..'l'11'LJ'U Chopper ii DC voltage input. Vin = 600 Volt 

- iKqJt1.]7UJfl1'Ufl:Wcl1'1J\,1 b'thJbL'U'U Bipolar PWM scheme ~ilr111:w~ 20 kHz 

- Dead-time = 1 µsec 

-.;i.:i11~~,J1..:i'11 4-quadrant chopper d 
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'l.ftH1m, ' ----------- 'l''M?I ------ ------------

3.4 '<il7fl'LJeJ 3.3 '<il-:Jr11mruvn duty cycle (%) 'llel-:J~l'IJ~ 1m-:i'<il'l' \chopper ll\91fl~\>11 (01 - 04) 111~eJ-:Jfll'l''lJU 

:wm~eiflvfi11-n1m11 400 rpm 61:W~~1111.J'1Jru~~h]ffivm\'l (No-load) 

3.5 '<il7fl'LJeJ 3.3 '<il-:JA7tnfl.lVl7 duty cycle (%) 'llel-:J?ll'IJ~ 1tnW'a Chopper lb\91fl~\>11 (01 - 0 4) '17~eJ-:Jfl7'l''lJU 

:wmv1e:iftvfi1r111m~1 400 rpm 1mm.i~~lli'Vlfll'l 1000 kW 

3.6 '<il7fl'LJeJ 3.5 b'Vl17\'l~qjqJ7rumuri:w 611'/J~ (01 - 0 4) J-:i Bipolar blfl~ Unipolar PWM (blUU~ 1) llfl~ 

bl':i-:Jl'l't.ilrh~1 output, Va b'U'Vill~~ffim,l'l 1000 kW 
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'IJ'e.H'Hl~ , _____ _ 

Bipolar PWM 

Unipolar PWM 

(bb'\J'\J~ l} 

-1 

l~ 

------. 1~~ 

0 --~--- ~ 
I 
I 

0 I 
I 
I 

or---+-' -------
0 

0 -

-1 

BJ 
0 

[§] 

0 

~ 
0 

~ 
0 

[SJ 
0 
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'lJ€H'lfli;1 ':iiG'I ' -------------------- -------------

4. (25 mmiru) <il.:JeJeJmburn~uumufJ:l.lffJ1:l.lb~1:l.Jml'lofauu Closed-loop ~il PWM current control loop 

'Vel--'.l Separately-excited DC motor ~nn'1io 2 G'i:J.J~~17A11:l.Jb~1:l.Jelb1,184~n1"1b"1tl Tachogenerator Lbi;1~1i 

1-:Jlil':i'LJU 4-quadrant chopper i1 DC voltage input, V;n = 600 Volt Lb~~i-frl]'l)1ruA1UfJ:!JG'll'lJ\>1 L'U'ULLtltJ 

Bipolar PWM scheme lJATmt 20 kHz (Switching frequency) 

4.1 lil'111"1 overall block diagram 'Vtm~UU (lvh~~V1i.ilt1'1Jel-:Ji11LLth~1-:J6j (111tl) 

4.2 lil.:Jf11Vl'UvlA7 PIO gains ~bVl:l.J1~G'i:l.J 'LJel-:J Current controller LLi;l~ Speed controller 1vfei5U1tll.ll'V'le:l 

ir-:JL'lJ'U 

4.3 t;11\>18-:Jfl1':iA1Ufl:l.lA11:IJL11:!Jelbl'leJ{~ 300 rpm 1 'U'Vru~~ffi Vli;1"1 1200 kW 1 vfr11mruV17fl1LL ';i'1'Uvlbbi;1~ 

m~LLG'11'Ylvh'irn-:i DC motor bb~~ Vcontrol (output 'Ve:l--1 speed controller) 1'U'lJru~-iJ 
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~ l V 

'/HH1fl '1 'a'V!?t ' -----------------~ -----------

4.4 t\1?ti1~&i11 1-r'il<a'LJ'U 4-quadrant chopper iJ DC voltage input ~WIG'M"ll1f1 V;n = 600 Volt Lvt~mvfo.:i V;n = 
500 Volt "ll.:JA7'LmUfl11:l.Jb 11iJ'0L(,1€14?t.:i?tVl~?t7m'atitlf1fl1'Ufl:i-l blil LLri~mnL?tb vlvhiimt,1€14 1 'W'LJru~~iJm(,1€JTIJ.)i1 

'U 't 'U 'I 

1 Vli,'\Vl 

4.5 "ll7n 1fo 4.4 "1l.:ir11mrum1m ~rne:JLt,1€11?1.:ir1V1~?11m111t1nf11uflii Hi' bLi,,~m~LL?tlvlvl1iimt,1€1{ 1 'W'LJru~~ 
'U q 'U 'I 

m.JL\,1€11'/JUl'V!i,,Vl 1200 kW bbi,,~1-:J"llT"ciU 4-quadrant chopper i1 DC voltage input, V;n = 500 Volt 

4.6 "ll1f1 'LJtl 4.4 'sJ.:JA1'Lnruvi1 Vcon:rol (-1 D.:J 1) 1u'LJru~~:i-ltlbvltl1(q8.:J'LJ'U1VmVl~'VlnVl 1500 kW bLrl~fl11ilb~1 

iimt,1t14~nfl11Jfl:i-l~ 300 rpm bbi,,~1-:J'sJ'J'IJ'U 4-quadrant chopper i1 DC voltage input, V;n = 500 Volt 
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'1!€Hff1~ 1~?1 ' ------------------- ------------

~ CV d d.c::ll 
5. (10 A:;bb'U'U) ~"1€l€lflbb'UU':l:;'U'UA1'U~llfl17:l.Jb11bb'U'U open-loop '1JEM Stepping motor 3-phase \9l1'Vl'W"l'VlJ.J 

., 
fl7'Vn17fa\9lt11\91-:J'Ll 

24 Volt, 5 Amp, Step angle = 1.8° 

5.1 ~-:it1t1flbb'U'U1"1~1'U'U~b'U\Jbb'U'U Unipolar voltage 1viti t,u Diode/Resistor suppressor ?IJ.J~~11 Supply 

voltage (E) = 24 Volt 

5.2 ~"lbb?lvi"l"1717"1 Excitation sequence ~b'U'Ubb'U'U 2-phase on mode 

0 ~ ~ d .:::ii 

5.3 ~-:JA7'U1ruA17:l.Jb11J.J8b\9ltl1 (rpm) bllDJ.J Stepping rate = 10 Hz bb~:; 50 Hz 

5.4 blJ8b'WJ.J Stepping rate ~-:Jf717 100 Hz f17J.Jtlb\9lDTilJ?l1l.J71t1Vl~'U~t1hfl~ bm1:;b'Vl~1vi ~-:i11vim1'YJ 

m:;bb?l1 vJfhffi 'Vl~ 1 'U'1Jvlff1vl b'Yltl'U n'U bb 1-:J\91'\.J 1 vJvhr,1tiJ.J"u~~1~ 1 'U'1Jru:;il 

5.5 ~1n-vt1 5.4 ~:;bbfl'Ut\jvt1'l1h1t1~1-:ib b~t1lvimib"1e:J1?11m1t1'Vl~'U~t1hJ1~ b~D Stepping rate ~-:in11 100 Hz 

~"111vif7HV-lm:;bb?l1 vJvh~li,4~ 1 'U'LJ~m~ b'VltJ'Un'U bb 14191'\.J 1 vJvhA~tiJ.J'1Jvl~1v11 'U'1JtW:;i1~1cJ 
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