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1 .  I n t r od u c t ion  
 
T o g e t h e r  wi t h  g r o wi ng  p o p ul a r i t y  o f  m o b i l e  r o b o t s ,  a n i s s ue  o f  

d r i v e  us e d  f o r  t h e i r  s up p l y  b e c o m e s  m o r e  a nd  m o r e  i m p o r t a nt .  I n 
t h e  i nd us t r y  i nd us t r i a l  m a ni p ul a t o r s  a r e  o f t e n us e d ;  t h e i r  s up p l y  
v a r i e s  wi d e l y  b e c a us e  o f  m a ny  r e q ui r e m e nt s  i m p o s e d  f o r  s uc h  
m a c h i ne s .  S o m e t i m e s  p ne um a t i c  a nd  h y d r a ul i c  m e d i a  a r e  a p p l i e d ;  
i n c a s e  o f  b i g  l o a d s  a nd  g r e a t  a c c ur a c y ,  h y d r a ul i c  d r i v e  i s  o f t e n t h e  
c h o i c e ,  wh i l s t  i n c a s e  o f  c o l i s i o n-p o s i t i o ne d  s y s t e m ,  wh i c h  d o e s  
no t  d e m a nd  s uc h  a  g r e a t  a c c ur a c y  – p ne um a t i c  d r i v e  i s  us e d .  
I n v e h i c ul a r  m a c h i ne s  e l e c t r i c  s up p l y  i s  m o s t l y  us e d ,  a s  – wh i l e  

c o nc e r ni ng  t r a f f i c  p l a nni ng ,  d r i v e  s y s t e m s  a nd  c o nt r o l  s y s t e m  – i t  
i s  t h e  e a s i e s t  o ne .  M o s t l y ,  wi t h  s uc h  a  s y s t e m  a  b a t t e r y  o r  
a c c um ul a t o r  i s  c o nne c t e d .  H o we v e r ,  s o m e t i m e s  – e s p e c i a l l y  i n 
s o l ut i o ns  c h a r a c t e r i z e d  b y  i nc r e a s e d  a ut o no m y  – i t  i s  ne c e s s a r y  t o  
i ns t a l l  a d d i t i o na l  s o ur c e s  o f  s up p l y ,  e . g .  s o l a r  b a t t e r i e s ,  a s  i n a  c a s e  
o f  “ S o j o ur ne r ”  o r  “ P a t h f i nd e r ”  d e v i c e s ,  wh i c h  we r e  s e nt  t o  M a r s ,  
a nd  c o ul d  h a v e  o p e r a t e d  f o r  a  l o ng  t i m e  o nl y  wi t h  s o l a r  b a t t e r i e s .  
I n t h i s  c a s e ,  a n i m p o r t a nt  i s s ue  wa s  t o  a d j us t  t h e  m a c h i ne  f o r  i t s  
wo r k i ng  e nv i r o nm e nt ,  t h a t  i s  t o  s a y  – o ut e r  s p a c e .  S i m i l a r  
p r o b l e m s  a r o us e  wh i l e  c o nc e r ni ng  r o b o t s  t h a t  wo r k  a t  nuc l e a r  
p o we r  p l a nt s ,  t a nk s  us e d  f o r  p e t r o l e um  s t o r a g e ,  e t c .   
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P l a c i ng  s up p l y  s y s t e m  o n t h e  r o b o t  i s  m o r e  a nd  m o r e  c o m m o n 

wh i l e  p r o j e c t i ng  m o d e r n s y s t e m s .  T h e  p r o b l e m  i s  t h a t ,  c a b l e  
b unc h e s  m a y  i nt e r f e r e  wi t h  e l e c t r o ni c s ,  s e ns o r s  o r  c o nt r o l  s y s t e m s .  
H o we v e r ,  no n-c a b l e  t r a ns m i s s i o n o f  i nf o r m a t i o n,  c a nno t  b e  us e d  
e v e r y wh e r e ,  s o  d e s p i t e  t h i s  d r a wb a c k s ,  e l e c t r i c  s up p l y  c a n b e  
f o und  i n t h e  m a j o r i t y  o f  r o b o t s .  O t h e r  d r i v e s  a r e  i n m i no r i t y ,  e a c h  
o ne  o f  t h e m  h a s  i t s  a d v a nt a g e s  a nd  d i s a d v a nt a g e s .  P ne um a t i c s  a nd  
h y d r a ul i c s  r e q ui r e  s e p a r a t e  s y s t e m s  o f  m e d i um  p r e p a r a t i o n.  
D ur a b i l i t y  o f  s o l a r  b a t t e r i e s  i s  l i m i t e d ,  t h e y  a r e  no t  s uf f i c i e nt  
s o ur c e  o f  e ne r g y  i n s o m e  c o nd i t i o ns ;  m o r e o v e r  t h e y  t e nd  t o  b e  
r a t h e r  d i s a p p o i nt i ng  b e c a us e  o f  i ns ul a t i o n.  r i s i ng  d e m a nd s  wi t h  
wh i c h  m o b i l e  r o b o t s  m us t  c o p e ,  a s  we l l  a s  h a r d e r  wo r k i ng  
c o nd i t i o ns  a nd  g r e a t e r  a c c ur a c y ,  t h e r e  i s  a  c o nt i nuo us  r e s e a r c h  o f  
a l t e r na t i v e  s o ur c e s  o f  s up p l y  t h a t  c a n r e v o l ut i o ni z e  t o d a y ’ s  v i e w a t  
r o b o t ’ s  d r i v e  a nd  s up p l y .    
P a p e r ’ s  a i m  wa s  t o  d e v e l o p  k no wl e d g e  a b o ut  f ue l  c e l l s  a nd  t h e i r  

c a p a b i l i t i e s  i n o r d e r  t o  c o ns t r uc t  a  s y s t e m  t h a t  c o ul d  r e p l a c e  o t h e r  
s up p l y i ng  s o ur c e s ,  e . g .  e l e c t r i c ,  o r  c o m m o n a c c um ul a t o r s ,  
b a t t e r i e s .  M a ny  a c t i o ns ,  a m o ng  t h e m  m a r k e t  r e s e a r c h ,  a s  we l l  a s  
c o nt a c t  wi t h  c o m p a ni e s  wo r k i ng  a t  ne w t e c h no l o g i e s ,  c a r e f ul  
a na l y s i s  o f  t h e  b o o k s  a nd  c ur r e nt  p r e s s  a r t i c l e s ,  h a v e  b e e n t a k e n.  
S ub s e q ue nt l y ,  d i f f e r e nt  t y p e s  o f  f ue l  c e l l s  we r e  s t ud i e d ,  a l o ng  

wi t h  t h e i r  p a r a m e t e r s ,  c h a r a c t e r i s t i c s ,  a nd  o t h e r  f e a t ur e s ,  s o  a s  t o  
s e l e c t  a p p r o p r i a t e  c e l l  t y p e  f o r  o ur  t h e s i s .  V e r y  i m p o r t a nt  t h i ng  i n 
t h i s  t h e s i s  wa s  t o  i nv e s t i g a t e  c o ns t r uc t i o n a nd  p r i nc i p l e  o f  
o p e r a t i o n o f  t h e  i nd i v i d ua l  c e l l s .  
 

2 .  F u e l  c e l l s 
 
2 . 1 .  H ist or ic al  b ac k g r ou n d  
 
T h e  t e c h no l o g y  t h a t  c a n b e  t r a c e d  b a c k  t o  t h e  ni ne t e e nt h  

c e nt ur y  wa s  i nv e nt e d  b y  S i r  W i l l i a m  R o b e r t  G r o v e  [ 1 ] .  T h e  
d i s c o v e r y  t h a t  h y d r o g e n a nd  o x y g e n c o ul d  b e  c o m b i ne d  t o  
p r o d uc e  wa t e r  a nd  a n e l e c t r i c  c ur r e nt  i s  no w i nf l ue nc i ng  e v e r y  
f i e l d  o f  h um a n a c t i v i t y .  F ue l  c e l l  i s  b e i ng  d e v e l o p e d  t o  p o we r  t h e  
c a r s ,  h o m e s ,  m o b i l e  p h o ne s ,  l a p t o p  c o m p ut e r s  a nd  e v e r y t h i ng  i n 
b e t we e n.  W h i l e  t h e  t e c h no l o g y  f o r  t h e s e  e l e c t r o c h e m i c a l  p o we r  
p l a nt s  h a s  e x i s t e d  s i nc e  1 8 3 9 ,  o nl y  r e c e nt l y  h a v e  f ue l  c e l l s  g a i ne d  
p o p ul a r  r e c o g ni t i o n a nd  c o m e  und e r  s e r i o us  c o ns i d e r a t i o n a s  a n 
e c o no m i c a l l y  a nd  t e c h ni c a l l y  v i a b l e  p o we r  s o ur c e .  S t e p  b y  s t e p  
s c i e nt i s t s  h a v e  b e e n b ui l d i ng  a nd  i m p r o v i ng  o n e a r l i e r  r e s e a r c h .  
F r o m  t h e  W i l l i a m  G r o v e ’ s  i nv e nt i o n,  we  h a d  t o  wa i t  a l m o s t  o ne  
c e nt ur y  f o r  F r a nc i s  B a c o n t o  d e v e l o p  f i r s t  s uc c e s s f ul  f ue l  c e l l  
d e v i c e ,  a  h y d r o g e n-o x y g e n c e l l  us i ng  a l k a l i ne  e l e c t r o l y t e s  a nd  
ni c k e l  e l e c t r o d e s  [ 1 ] .  I t  t o o k  ne x t  t we nt y  y e a r s  f o r  N A S A  t o  
d e m o ns t r a t e  s o m e  o f  t h e  f ue l  c e l l ’ s  p o t e nt i a l  a p p l i c a t i o n i n 
p r o v i d i ng  p o we r  d ur i ng  t h e  s p a c e  f l i g h t s .  S t a r t i ng  f r o m  e a r l y  6 0 ’ s  
o f  t h e  l a s t  c e nt ur y  t h e  c o m m e r c i a l  us e  o f  t h e  t e c h no l o g y  h a s  b e e n 
g r o wi ng  s i g ni f i c a nt l y ,  b ut  e nc o unt e r e d  t e c h ni c a l  b a r r i e r s  a nd  h i g h  
i nv e s t m e nt  c o s t .  T h e  wo r l d  t ur ns  t o  f ue l  c e l l s ,  d r i v e n b y  t e c h ni c a l ,  
e c o no m i c  a nd  s o c i a l  f o r c e s ,  s uc h  a s  h i g h  p e r f o r m a nc e  
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characteristics, reliability, durability, low cost and environmental 
benef its.  
 

2.2. H o w  d o  f u e l  c e l l s  c o m p a r e  t o  i n t e r n a l  
c o m b u s t i o n  e n g i n e s  a n d  b a t t e r i e s  

 
B ef ore we p resent the construction schemes we would lik e to 

f ocus on the issue:  how do f uel cells comp are to internal 
combustion eng ines and batteries.  T heir p urp ose is common;  they 
all are devices to convert energ y f rom one f orm to another.  A s  
a starting  p oint, let’ s consider the internal combustion eng ine 
which has a variety of  ap p lication and hap p en to be very p op ular.  
W e all k now that they run on noisy, hig h temp erature ex p losions 
resulting  f orm of  release of  chemical energ y by burning  f uel with 
ox yg en f rom the air.  I nternal combustion eng ines, as well as 
conventional utility p ower p lants, chang e chemical energ y of  f uel 
to thermal energ y to g enerate mechanical and, in the case of   
a p ower p lant, electrical energ y.  F uel cells and batteries are 
electrochemical devices, and by their very nature have a more 
ef f icient conversion p rocess:  chemical energ y is converted directly 
to electrical energ y.  I nternal combustion eng ines are less ef f icient 
because they include the conversion of  thermal to mechanical 
energ y, which is limited by the C arnot C ycle.  I f  eg .  C ars were 
p owered by electricity g enerated f rom direct hydrog en f uel cells, 
there would be no combustion involved.  I n an automotive f uel 
cell, hydrog en and ox yg en underg o a relatively cool, 
electrochemical reaction that directly p roduces electrical energ y.  
T he direct hydrog en f uel cell vehicle will have no emissions even 
during  idling  - this is esp ecially imp ortant during  city rush hours.  
T here are some similarities to an internal combustion eng ine, 
however.  T here is still a need f or a f uel tank  and ox yg en is still 
sup p lied f rom the air.  M any p eop le incorrectly assume that all 
electric vehicles are p owered by batteries.  A ctually, this is  
a vehicle with an electric drive train p owered by either an  
on-board battery or f uel cell.  B atteries and f uel cells are similar in 
that they both convert chemical energ y into electricity very 
ef f iciently and they both req uire minimal maintenance because 
neither has any moving  p arts.  H owever, unlik e a f uel cell, the 
reactants in a battery are stored internally and, when used up , the 
battery must be either recharg ed or rep laced.  I n a battery-p owered 
vehicles, recharg eable batteries are used.  I n vehicles eq uip t in f uel 
cell the f uel is stored ex ternally in the vehicle’ s f uel tank  and air is 
obtained f rom the atmosp here.  A s long  as the vehicle’ s tank  
contains f uel, the f uel cell will p roduce energ y in the f orm of  
electricity and heat.  T he choice of  electrochemical device, battery 
or f uel cell, dep ends up on use.  F or larg er scale ap p lications, f uel 
cells have several advantag es over batteries including  smaller siz e, 
lig hter weig ht, q uick  ref ueling , and long er rang e.  
F uel cells are electrochemical devices that convert a f uel' s 

chemical energ y directly to electrical energ y with hig h ef f iciency.  
A n imp ortant dif f erence between f uel cells and batteries is that 
batteries store energ y, while f uel cells can p roduce electricity 
continuously as long  as f uel and air are sup p lied.  F uel cells 
electrochemically combine a f uel ( typ ically hydrog en)  and an 
ox idant without burning , thereby disp ensing  with the 
inef f iciencies and p ollution of  traditional energ y conversion 
systems.  F uel cells f oreg o the traditional f uel-to-electricity 
p roduction route common in modern p ower p roduction, which 
consists of  heat ex traction f rom f uel, conversion of  heat to 
mechanical energ y and, f inally, transf ormation of  mechanical 
energ y into electrical energ y.  I n a sense, our bodies op erate lik e 
f uel cells because we ox idiz e hydrocarbon comp ounds in our f ood 
and release chemical energ y without combustion.  
 

2.3 . H o w  f u e l  c e l l s  w o r k  
 
F uel cells f unction on q uite simp le p rincip al of  electrolytic 

charg e ex chang e between a p ositively charg ed anode p late and  
a neg atively charg ed cathode p late.  W hen hydrog en is used as the 
basic f uel, " reverse hydrolysis"  occurs, yielding  only water and 

heat as byp roducts while converting  chemical energ y into 
electricity.   
A s one can see on the F uel C ell M ode p resented in F ig .  1 , 

hydrog en f lows directly into the f uel cell on the anode side, when 
the sep aration of  the hydrog en g as into electrons and p rotons 
( hydrog en ions)  in a p roton ex chang e membrane or PE M  f uel cell 
is saf en by a p latinum catalyst.  
 

  
F i g . 1.  T h e  f u e l  c e l l  m o d e  
R y s . 1. S c h e m a t  o g n i w a  p a l i w o w e g o  
 
Platinum catalyst is also resp onsible f or combining  the 

hydrog en ion, which p asses throug h the membrane, with ox yg en 
and electrons on the cathode side p roducing  water.  T he electrons, 
which cannot p ass throug h the membrane, f low f rom the anode to 
the cathode throug h an ex ternal circuit containing  an electric load 
which consumes the p ower g enerated by the cell.  T he overall 
electrochemical p rocess of  a f uel cell is called " reverse 
hydrolysis,"  or the op p osite of  hydrolyz ing  water to f orm 
hydrog en and ox yg en.  H ydrolysis can be accomp lished by  
a reversible f uel cell throug h the sup p ly of  electricity to the cell.  
M oreover the sup p ly of  water on the cathode is also a must, what 
is shown by the E lectrolyz er C ell M ode in F ig .  2 .  N ot all f uel cell 
typ es are reversible, in a sense that they can accomp lish the 
electrochemistry associated with the p roduction of  electricity f rom 
f uel as well as the p roduction of  f uel and ox idant f rom water when 
sup p lied with electricity.  
 

  
F i g . 2.  T h e  e l e c t r o l y z e r  c e l l  m o d e  
R y s . 2. S c h e m a t  e l e k t r o l i z e r a  
 
T he R eversible f uel cell concep t is one that incorp orates  

a reversible f uel cell that can accomp lish both hydrolysis and 
reverse hydrolysis in the same cell.  T his allows one to consider the 
comp letely renewable p roduction of  electricity by using   
a renewable energ y sup p ly ( e. g . , solar, wind)  to p roduce hydrog en 
and ox yg en f rom water which can subseq uently be used to 
p roduce electricity throug h the same f uel cell f rom the f uel and 
ox idant p roduced p reviously [ 2 , 3 ] .  
 

2.4 . D e s i g n  o f  F u e l  C e l l  S y s t e m s  
 
T he desig n of  f uel cell systems is comp lex  and can vary 

sig nif icantly dep ending  up on f uel cell typ e and ap p lication.  
H owever, most of  f uel cell system  consists of  f our  basic 
comp onents:  f uel cell stack , f uel p rocessor, current converter, heat 
recovery system.  M ost f uel cell systems also include other 
comp onents and subsystems to control f uel cell humidity, 
temp erature, g as p ressure, and wastewater.  
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2.4.1. F u e l  C e l l  S t a c k  
 
T h e  f u e l  c e l l  s t a c k  i s  t h e  h e a r t  o f  a  f u e l  c e l l  p o w e r  s y s t e m .  I t  

g e n e r a t e s  e l e c t r i c i t y  i n  t h e  f o r m  o f  d i r e c t  c u r r e n t  ( D C )  f r o m  
c h e m i c a l  r e a c t i o n s  t h a t  t a k e  p l a c e  i n  t h e  f u e l  c e l l .  A  s i n g l e  f u e l  
c e l l  p r o d u c e s  e n o u g h  e l e c t r i c i t y  f o r  o n l y  t h e  s m a l l e s t  a p p l i c a t i o n s .  
T h e r e f o r e ,  i n d i v i d u a l  f u e l  c e l l s  a r e  t y p i c a l l y  c o m b i n e d  i n  s e r i e s  
i n t o  a  f u e l  c e l l  s t a c k .  A  t y p i c a l  f u e l  c e l l  s t a c k  m a y  c o n s i s t  o f  
h u n d r e d s  o f  f u e l  c e l l s .  T h e  a m o u n t  o f  p o w e r  p r o d u c e d  b y  a  f u e l  
c e l l  d e p e n d s  u p o n  s e v e r a l  f a c t o r s ,  s u c h  a s  f u e l  c e l l  t y p e ,  c e l l  s i z e ,  
t h e  t e m p e r a t u r e  a t  w h i c h  i t  o p e r a t e s ,  a n d  t h e  p r e s s u r e  a t  w h i c h  t h e  
g a s e s  a r e  s u p p l i e d  t o  t h e  c e l l .  W e  a l s o  d i s t i n g u i s h  f u r t h e r  f u e l  c e l l  
p a r t s ,  w h i c h  d i f f e r  a c c o r d i n g l y  t o  v a r i o u s  t y p e s  o f  t h e  d e v i c e s .  
A l t h o u g h  t h e r e  a r e  s e v e r a l  t y p e s  o f  f u e l  c e l l s ,  o n l y  o n e  h a s  
p r o s p e c t s  a s  a  p o w e r  s o u r c e  f o r  p o r t a b l e  d e v i c e s ,  t h e  p r o t o n  
e x c h a n g e  m e m b r a n e  ( P E M )  f u e l  c e l l  t h a t  c a n  w o r k  a t  r e l a t i v e l y  
l o w  t e m p e r a t u r e s ,  l e n d s  i t s e l f  t o  m i n i a t u r i z a t i o n  a n d  p r o d u c t s  
m o r e  p o w e r  t h a n  a n y  o t h e r  f u e l  c e l l .  P E M  f u e l  c e l l s  a r e  m a d e  o f  
s e v e r a l  l a y e r s  o f  d i f f e r e n t  m a t e r i a l s  [ 4 ,  5 ] .  
 
2.4.2. M e m b r a n e  E l e c t r o d e  A s s e m b l y  
 
T h e  e l e c t r o d e s  ( a n o d e  a n d  c a t h o d e ) ,  c a t a l y s t ,  a n d  p o l y m e r  

e l e c t r o l y t e  m e m b r a n e  t o g e t h e r  f o r m  t h e  m e m b r a n e  e l e c t r o d e  
a s s e m b l y  ( M E A )  o f  a  P E M  f u e l  c e l l  [ 4 ] .  
• A n o d e .  T h e  a n o d e ,  t h e  n e g a t i v e  s i d e  o f  t h e  f u e l  c e l l ,  h a s  s e v e r a l  
j o b s .  I t  c o n d u c t s  t h e  e l e c t r o n s  t h a t  a r e  f r e e d  f r o m  t h e  h y d r o g e n  
m o l e c u l e s  s o  t h a t  t h e y  c a n  b e  u s e d  i n  a n  e x t e r n a l  c i r c u i t .  
C h a n n e l s  e t c h e d  i n t o  t h e  a n o d e  d i s p e r s e  t h e  h y d r o g e n  g a s  
e q u a l l y  o v e r  t h e  s u r f a c e  o f  t h e  c a t a l y s t .   

• C a t h o d e .  T h e  c a t h o d e ,  t h e  p o s i t i v e  s i d e  o f  t h e  f u e l  c e l l ,  a l s o  
c o n t a i n s  c h a n n e l s  t h a t  d i s t r i b u t e  t h e  o x y g e n  t o  t h e  s u r f a c e  o f  t h e  
c a t a l y s t .  I t  c o n d u c t s  t h e  e l e c t r o n s  b a c k  f r o m  t h e  e x t e r n a l  c i r c u i t  
t o  t h e  c a t a l y s t ,  w h e r e  t h e y  c a n  r e c o m b i n e  w i t h  t h e  h y d r o g e n  
i o n s  a n d  o x y g e n  t o  f o r m  w a t e r .   

• P o l y m e r  e l e c t r o l y t e  m e m b r a n e .  T h e  p o l y m e r  e l e c t r o l y t e  
m e m b r a n e  ( P E M ) —a  s p e c i a l l y  t r e a t e d  m a t e r i a l  t h a t  l o o k s  l i k e  
o r d i n a r y  p l a s t i c  w r a p —c o n d u c t s  o n l y  p o s i t i v e l y  c h a r g e d  i o n s  
a n d  b l o c k s  t h e  e l e c t r o n s .  T h e  P E M  i s  t h e  k e y  t o  t h e  f u e l  c e l l  
t e c h n o l o g y ;  i t  m u s t  p e r m i t  o n l y  t h e  n e c e s s a r y  i o n s  t o  p a s s  
b e t w e e n  t h e  a n o d e  a n d  c a t h o d e .  O t h e r  s u b s t a n c e s  p a s s i n g  
t h r o u g h  t h e  e l e c t r o l y t e  w o u l d  d i s r u p t  t h e  c h e m i c a l  r e a c t i o n .  

 
2.4.3 . C u r r e n t  I n v e r t e r s  a n d  C o n d i t i o n e r s  
 
C u r r e n t  i n v e r t e r s  a n d  c o n d i t i o n e r s  a d a p t  t h e  e l e c t r i c a l  c u r r e n t  

f r o m  t h e  f u e l  c e l l  t o  s u i t  t h e  e l e c t r i c a l  n e e d s  o f  t h e  a p p l i c a t i o n ,  
w h e t h e r  i t  i s  a  s i m p l e  e l e c t r i c a l  m o t o r  o r  a  c o m p l e x  u t i l i t y  p o w e r  
g r i d .  Fu e l  c e l l s  p r o d u c e  e l e c t r i c i t y  i n  t h e  f o r m  o f  d i r e c t  c u r r e n t  
( D C ) .  I n  a  d i r e c t  c u r r e n t  c i r c u i t ,  e l e c t r i c i t y  f l o w s  i n  o n l y  o n e  
d i r e c t i o n .  T h e  e l e c t r i c i t y  i n  y o u r  h o m e  a n d  w o r k  p l a c e  i s  i n  t h e  
f o r m  o f  a l t e r n a t i n g  c u r r e n t  ( A C ) ,  w h i c h  f l o w s  i n  b o t h  d i r e c t i o n s  
o n  a l t e r n a t i n g  c y c l e s .  I f  t h e  f u e l  c e l l  i s  u s e d  t o  p o w e r  e q u i p m e n t  
u s i n g  A C ,  t h e  d i r e c t  c u r r e n t  w i l l  h a v e  t o  b e  c o n v e r t e d  t o  
a l t e r n a t i n g  c u r r e n t .  B o t h  A C  a n d  D C  p o w e r  m u s t  b e  c o n d i t i o n e d .  
P o w e r  c o n d i t i o n i n g  i n c l u d e s  c o n t r o l l i n g  c u r r e n t  f l o w  ( a m p e r e s ) ,  
v o l t a g e ,  f r e q u e n c y ,  a n d  o t h e r  c h a r a c t e r i s t i c s  o f  t h e  e l e c t r i c a l  
c u r r e n t  t o  m e e t  t h e  n e e d s  o f  t h e  a p p l i c a t i o n .  C o n v e r s i o n  a n d  
c o n d i t i o n i n g  r e d u c e  s y s t e m  e f f i c i e n c y  o n l y  s l i g h t l y ,  a r o u n d  2  t o  6  
p e r c e n t .  
 
2.4.4. H e a t  R e c o v e r y  S y s t e m  
 
Fu e l  c e l l  s y s t e m s  a r e  n o t  p r i m a r i l y  u s e d  t o  g e n e r a t e  h e a t .  

H o w e v e r ,  s i n c e  s i g n i f i c a n t  a m o u n t s  o f  h e a t  a r e  g e n e r a t e d  b y  s o m e  
f u e l  c e l l  s y s t e m s —e s p e c i a l l y  t h o s e  t h a t  o p e r a t e  a t  h i g h  
t e m p e r a t u r e s  s u c h  a s  s o l i d  o x i d e  a n d  m o l t e n  c a r b o n a t e  s y s t e m s —
t h i s  e x c e s s  e n e r g y  c a n  b e  u s e d  t o  p r o d u c e  s t e a m  o r  h o t  w a t e r  o r  
c o n v e r t e d  t o  e l e c t r i c i t y  v i a  a  g a s  t u r b i n e  o r  o t h e r  t e c h n o l o g y .  T h i s  
i n c r e a s e s  t h e  o v e r a l l  e n e r g y  e f f i c i e n c y  o f  t h e  s y s t e m s .  

3 . F u e l  c e l l  a n d  a c c e s s o r i e s  u s e d  t o  p o w e r e d  
m o b i l e  r o b o t  

 
3 .1. T h e  F u e l  c e l l  
 
I n  o u r  p r o j e c t  w e  a r e  u s e d  f u e l  c e l l  m a d e  b y  E 2 -E c o n o m y  

C o m p a n y ,  p r e s e n t e d  i n  Fi g .  3 .  T h e r e  i s  t h r e e -c e l l  h y d r o g e n / o x y g e n  
f u e l  c e l l  s t a c k .  E x p e c t e d  p o w e r  i s  a b o u t  1 0 -1 2  W  a t  1 . 8  V .  
R e c o m m e n d e d  g a s  p r e s s u r e  i s  1  b a r  f o r  h y d r o g e n  a n d  1 . 2  b a r  f o r  
o x y g e n  [ 6 ] .  
 

  
F i g . 3.  T h e  f u e l  c e l l  m a d e  b y  E 2 -E c o n o m y  C o m p a n y  
R y s . 3. O g n i w o  p a l i w o w e  f i r m y  E 2 -E c o n o m y  
 
V e r y  i m p o r t a n t  t h i n g  i s  t o  u s e  D C -D C  c o n v e r t e r  w i t h  f u e l  c e l l ,  

b e c a u s e  t h e y  g i v e  l o w  v o l t a g e  a n d  h i g h  c u r r e n t  a n d  n o r m a l l y  w e  
n e e d  t h e  o p p o s i t e .  T h e  D C -1 0 0  s e r i e s  l o w  i n p u t  v o l t a g e  D C -D C  
c o n v e r t e r s  e n a b l e  t h e  u s e  o f  s m a l l e r  f u e l  c e l l  s t a c k s  t o  p r o d u c e  
v o l t a g e s  s u i t a b l e  f o r  p o r t a b l e  p o w e r  a p p l i c a t i o n s .  W i t h  H 2 
E C O n o m y ’ s  D C -1 0 0  s e r i e s  c o n v e r t e r  y o u  c a n  h a v e  a n  e n e r g y  
s o u r c e  t h a t  l a s t s  4 -5  t i m e s  l o n g e r  t h a n  b a t t e r i e s  i n  p o r t a b l e  
a p p l i c a t i o n s ,  w i t h  t h e  s a m e  s i z e  a n d  c h a r a c t e r i s t i c s .  
 
3 .2. E l e c t r o l i z e r  
 
T h e  D o u b l e -c e l l  P E M  e l e c t r o l y z e r ,  p r e s e n t e d  i n  Fi g .  4 ,  h a s  b e e n  

u s e d  f o r  p r o d u c t i o n  o f  h y d r o g e n  f r o m  w a t e r  [ 6 ] .  
 

  
F i g . 4 .  T h e  d o u b l e  –c e l l  P E M  e l e c t r o l y z e r  
R y s . 4 . D w u -o g n i w o w y  e l e k t r o l i z e r  P E M  
 
T h i s  u s e d  e l e c t r o l y z e r  p r o d u c e  a b o v e  6 5  c m 3 / m i n  o f  h y d r o g e n .  

 
3 .3 . M e t a l  H y d r i d e  T a n k  w i t h  r e f i l l i n g  k i t  
 
T h i s  t a n k  i s  u s e d  t o  s t o r e  h y d r o g e n  a n d  b y  u s i n g  t r a n s p a r e n t  

p l a s t i c s  g i v e s  t h e  o p p o r t u n i t y  t o  d i s c o v e r  t h e  l a t e s t  t e c h n o l o g y  f o r  
s t o r a g e .  T h e  P l a s t i c  M e t a l  H y d r i d e  S t o r a g e  T a n k ,  p r e s e n t e d  i n   
Fi g .  5 ,  c a n  e a s i l y  d e m o n s t r a t e  t h i s  t e c h n o l o g y  [ 6 ] .   
 

  
F i g . 5.  T h e  p l a s t i c  m e t a l  h y d r i d e  s t o r a g e  t a n k  
R y s . 5. Z b i o r n i k  p l a s t i k o w o  m e t a l o w y  n a  w o d ó r  
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Inside of the ta nk  ther e a r e M eta l  H y dr ide P a r tic l es ( a l l oy )  
w hic h a b sor b  m ol ec u l e of hy dr og en.  In this ta nk  w e c a n stor e  
1 0  l iter s of hy dr og en a t 1 -3  b a r .  R eg a r ding  tim e of op er a tion w ith 
1 0  l iter  ta nk  – it dep ends on the c om p r ession p r essu r e.  
 
3.4. H a n d l i n g  c y l i n d e r  f o r  p u r e  h y d r o g e n  
 
T he C y l inder  w hic h ha s b een p r esented in Fig .  6  is desig n to 

stor e p u r e hy dr og en [ 7 ] .  
 

  
F i g . 6.  T h e  e s p e c i a l  t a n k  f o r  p u r e  h y d r o g e n  
R y s . 6. Z b i o r n i k  m e t a l o w y  n a  c z y s t y  w o d ó r  
 
T his c y l inder ,  p r esented in Fig .  6 ,  is for  P u r e H y dr og en S ou r c e 

for  P r ec ision T esting  Instr u m ents.  In ou r  c a se it is v er y  g ood 
sol u tion b ec a u se w e c a n stor e a b ou t 5 0  l iter s of p u r e hy dr og en,  
c ha r g ed u nder  p r essu r e eq u a l  1 . 5 -2 . 5  M P a ,  a nd of c ou r se 
dim ension,  w eig ht of the c y l inder  a r e a c c ep ta b l e for  ou r  
a p p l ic a tion (  3 2 m m  x  1 6 5 m m ;  0 , 7 5  k g ) .  
 
3.5 . R e g u l a t o r  
 
R eg u l a tor  w hic h is v isib l e in Fig .  7  is essentia l  to c ha r g e ou r  

ha ndl ing  c y l inder  fr om  indu str ia l  stor a g e ta nk  w hic h is op er a ting  
u nder  2 0 0 M P a  p r essu r e.   
 

  
F i g . 7 .  T h e  r e g u l a t o r  u s e d  t o  c h a r g e  h a n d l i n g  c y l i n d e r  t a n k  
R y s . 7 . R e g u l a t o r  w y k o r z y s t y w a n y  d o  n a p e ł n i a n i a  z b i o r n i k a  n a  w o d ó r  
 
O n the l eft side w e c a n see g a u g e w hic h is r esp onsib l e to c hec k  

p r essu r e in the indu str ia l  ta nk  w ith hy dr og en,  the nex t one show  u s 
p r essu r e in ou r  ha ndl ing  c y l inder .  
 
4. D e s c r i p t i o n  a n d  c o u r s e  o f  a n  e x a m i n a t i o n  

c o n c e r n i n g  u s e  o f  c e l l  a s  a  s o u r c e  o f  
e n e r g y  f o r  a  r o b o t  D C  d r i v e s  

 
T he m a in ta sk  in this ex p er im ent w a s to ex a m ine fu el  c el l s a nd 

to u se them  a s a  sou r c e of ener g y  in a  m ob il e r ob ot sy stem s.  A t 
fir st,  w e c hec k ed r ob ot’ s p a r a m eter s a nd c hose su ita b l e c el l .  
H ow ev er ,  w e w a nted c el l  to p r odu c e l a r g e a m ou nts of p ow er  
( a b ou t 1 0 -1 2  W ) ,  a nd tha t is w hy  w e dec ided to u se ‘ E c oFC -3 ’  
c el l  m a nu fa c tu r ed b y  a  S w iss c om p a ny  E 2 -E c onom y .  In this c el l ,  
hy dr og en is a  fu el ,  so w e w er e a b l e to a c q u ir e needed p a r a m eter s 
fr om  one fu el  c el l .  H ow ev er ,  p r odu c tion a nd stor a g e of hy dr og en 
w a s a  p r ob l em .  W e w er e a dv ised to b u y  a n el ec tr ol y ser  tha t 
p r odu c es hy dr og en fr om  tw ic e-distil l ed w a ter ,  a nd a  sp ec ia l  
c onta iner  w ith a  fil ter ,  thr ou g h w hic h,  im m edia tel y  a fter  
el ec tr ol y se,  hy dr og en is p a ssed.  Its a im  is to hol d m oistu r e a nd 
p a ss onl y  a  p u r e g a s.  A s w e k now ,  hy dr og en-stor ing -c onta iner  
w a s nec essa r y  to a c q u ir e m ob il ity  of the w hol e sy stem .  O n the 
Fig .  8  w hol e set of el em ents – el ec tr ol y ser ,  fil ter  a nd c onta iner  – 

tha t w a s p r ev iou sl y  desig ned do p r odu c e a nd stor e hy dr og en ha s 
b een p r esented.  
 

  
F i g . 8 .  T h e  s e t  o f  a l l  e l e m e n t s  n e c e s s a r y  t o  p r o d u c e  h y d r o g e n  
R y s . 8 . E l e m e n t y  d o  w y t w a r z a n i a  w o d o r u  
 
T hr ou g h a  fil ter  w ith sp ec ia l  g r a nu l a te tha t hel d m oistu r e,  

hy dr og en fr om  el ec tr ol y ser  w a s p u ted into the c onta iner  in w hic h 
it w a s a b sor b ed.  A fter  c ha r g ing  the c onta iner  w ith a  c el l  a nd  
a  c onv er ter  w a s p l a c ed on a  r ob ot’ s c onstr u c tion.  U nfor tu na tel y ,  
r ob ot didn’ t w or k  a t a l l .  It w a s c a u sed b y  a  l a c k  of p r essu r e c ontr ol  
of c onta iner ’ s c ha r g ing  a nd b y  too sm a l l  p r essu r e of hy dr og en 
distr ib u ted to the c el l  ( m a nu fa c tu r er  a dv ises this p r essu r e to b e 
a p p r ox im a tel y  1 -2  b a r ) .  T ha t w e ha v e dec ided to b u y  v er y  ha ndy  
b ottl e tha t m a y  c onsist of 5 0  l itr es of g a s ( Fig .  6 ) .   
M or eov er ,  the T a iw a n c om p a ny  tha t sol d u s a  b ottl e offer  u s  to 

del iv er  a  sp ec ia l  r eg u l a tor ,  tha nk s to w hic h b oth p r essu r e of 
c ha r g ing  a nd p r essu r e in a  c ha r g ed b ottl e c a n b e c ontr ol l ed du r ing  
c ha r g ing  ( Fig .  7 ) .  
B ec a u se of v er y  str ic t fir e a nd indu str ia l  sa fety  r eg u l a tions,  

c ha r g ing  of su c h a  b ottl e is p ossib l e in a  sp ec ia l iz ed p l a c es.  S o 
a fter  c ha r g ing  a t a p p r op r ia te p r essu r e,  it w a s nec essa r y  to u se 
p r essu r e r eg u l a tor ,  p r esented in Fig .  9 ,  in or der  to c ontr ol  fl ow  of 
hy dr og en tha t su p p l ied a  fu el  c el l  fr om  the b ottl e.   
 

  
F i g . 9 .  T h e  p r e s s u r e  r e g u l a t o r  n e c e s s a r y  t o  f l o w  c o n t r o l  
R y s . 9 . R e g u l a t o r  c i ś n i e n i a  
 
T his fl ow  c ontr ol  sy stem  b a sed on p r essu r e r eg u l a tor  ( Fig .  9 )  

ha s b een c onstr u c ted a t D ep a r tm ent of R ob otic s a nd M ec ha tr onic s 
A G H  U niv er sity  of S c ienc e a nd T ec hnol og y  esp ec ia l l y  for  this 
sy stem .  W hil e u sing  it tog ether  w ith a  fu el  c el l  a nd w ith  
a  hy dr og en-c ha r g ed-b ottl e,  nex t ex p er im ent ha s b een c a r r ied 
( el em ents of this ex p er im ent ha v e b een p r esented in Fig .  1 0 ) .   
 

  
F i g . 1 0 .  T h e  e l e m e n t s  u s e d  i n  e x p e r i m e n t  c o n n e c t e d  w i t h  f u e l  c e l l  t e s t i n g   
R y s . 1 0 . E l e m e n t y  w y k o r z y s t a n e  w  e k s p e r y m e n c i e  
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Now, the system worked better than it had before. However, 
robot’ s main u nits as drives worked satisfac tory, ex emp l ary tested 
el ements have been p resented in F ig . 1 1 .   
 

  
F i g . 1 1 .  T h e  m o b i l e  d r i v e  u n i t  u s e d  i n  e x p e r i m e n t   
R y s . 1 1 . Z e s p ó ł  n a p ę d o w y  w y k o r z y s t a n y  w  e k s p e r y m e n c i e  
 
C ondu c ted ex p eriment aimed to c hec k effic ienc y of su c h typ e 

of su p p l y. E ng ine was working  p erfec tl y than we start to ex amine 
ou r system with 2  drives and al so p ower su p p l y was satisfac tory 
bu t when we try to su p p l y al l  robot systems c onnec ted with drives 
and robot’ s el ec tronic s it was insu ffic ient p ower.   
T he overal l  remark was that the ou r c el l  was too weak to p ower 

al l  robot u nits it means was not c ap abl e to p rodu c e enou g h p ower.  
I n order to verify it, we dec ided to u se esp ec ial l y c ap ac itors 
resp onsibl e for c harg es storag e. C u rrentl y we are working  on 
u sing  su p er c ap ac itors tec hnol og y in mobil e robots. 
 
5. C o n c l u s i o n s  
 
T he most imp ortant c onc l u sion is that, we were abl e to 

c onstru c t a system abl e to su p p l y a mobil e robot u nits. K nowl edg e 
not onl y abou t fu el  c el l s, their typ es, p rinc ip l es of op eration, 

p ossibil ities of u se, bu t al so abou t p rodu c tion and storag e of 
hydrog en was devel op ed, whic h is very diffic u l t in ou r c onditions. 
R eason for too smal l  effic ienc y of the system shou l d be l ooked for 
in ac tivity of some mec hanisms infl u enc ing  c el l ’ s op eration. F irst 
of al l , more p rofessional  reg u l ator c ontrol l ing  hydrog en fl ow to 
the c el l  shou l d be u sed. I t shou l d be eq u ip p ed with a sp ec ial  g au g e 
indic ating  p ressu re of the g as ( ap p rox imatel y 1 -2  bars) . I t is al so 
vital  to seal  reg u l ator’ s inp u t and ou tp u ts – as we l ost too mu c h of 
the g as by them.  P u re ox yg en u nder ap p rop riate p ressu re shou l d 
be del ivered to the c el l . O f c ou rse it is not nec essary ( we were 
u sing  air at atmosp heric  p ressu re) , however p u re ox yg en 
sig nific antl y imp roves effic ienc y of the c el l . T here are al so too 
l arg e l osses of p ower and smal l  c u rrents that were g iven to u s by 
the c el l . I n order to el iminate this drawbac k, el ec tronic  systems 
abl e to neu tral iz e mentioned l osses shou l d be u sed. I  shou l d al so 
u sing  sp ec ial  hydrog en-p u mp  that c ou l d make c harg ing  of ou r 
bottl e to the max imu m p ossibl e. I t wou l d c au se sig nific ant time 
el ong ation of the system’ s ac tivity. A nd obviou sl y we need to u se 
su p er c ap ac itors to store c harg es. 
 
6 . R e f e r e n c e s  
 
[ 1]  L AR M I N I E  J . ,  D I C KS  A. :  F u e l  C e l l  S y s t e m s  E x p l a i n e d ,  J o h n  W i l e y  

&  S o n s ,  L T D ,  2 0 0 3 .  
[ 2 ]  PI S T O I A G . ,  B a t t e r i e s  f o r  Po r t a b l e  D e v i c e s ,  S p r i n g e r  N e t h e r l a n d s ,  

2 0 0 6 .  
[ 3 ]  M AC AR T H U R  D . M . ,  B L O M G R E N  G . E . :  T h e  Po w e r s  R e v i e w :  Y e a r  

2 0 0 2  B a t t e r y  a n d  F u e l  C e l l  I n d u s t r y  D e v e l o p m e n t ,  2 0 0 2  
[ 4 ]  B AR B I R  F . :  PE M  F u e l  C e l l s :  T h e o r y  a n d  Pr a c t i c e ,  E L S E V I R E ,  2 0 0 5  
[ 5 ]  H O O G E R S  G . : F u e l  C e l l  T e c h n o l o g y  H a n d b o o k ,  2 0 0 5  
[ 6 ]  w w w . h 2 e c o n o m y . c o m  
[ 7 ]  w w w . h b a n k . c o m . t w  
 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Artykuł re c e n z o w a n y 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
 
I N F O R M A C J E  

 
WYDAWNICTWO 

POMIARY A U T OMAT YK A KON T ROL A 
 

 
 

specjalizuje się w wydawan iu czaso pism a i k sią ż ek  po pular n o -n auk o wych   
w dziedzin ie aut o m at yk i i po m iar ó w 

 
Oso b y i f ir m y pr zem ysł o we zain t er eso wan e wspó ł pr acą  z W ydawn ict wem   
pr o szo n e są  o  k o n t ak t  b ezpo ś r edn i dla uś ciś len ia szczeg ó ł ó w wspó ł pr acy 

 
Dyrektor Wydawnictwa                 Z-ca Dyrektora Wydawnictwa 
    0 0 -0 5 0  Wars z awa                    ( R edaktor N acz el ny P A K )  
u l .  Ś wię tokrz ys ka 1 4 A                4 4 -1 0 0  G l iwice 
tel . / f ax  0 2 2  8 2 7  2 5  4 0         u l .  A kadem icka 1 0 ,  p .  3 0 b  
   tel .  0 2 2  8 2 7  3 1  2 2          tel . / f ax  0 3 2  2 3 7  1 9  4 5               
  e-m ail :  p ak@ data. p l                  e-m ail :  p ak. redaktor@ p ol s l . p l  
 

www. p ak. h om e. p l  


