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Abstract- In some specific manufactured electromechanical influence the current distribution in the armatwiadings
applications, power electronic converters must bewided due ¢ pc motors. Voltage drops due to mechanical stdi

to hostile environment. In such a context, stand-ahe DC . . .
machines are good candidates because of their higéliability contacts or arching contacts will be taken intooat.

and low cost. However, the mechanical commutatiorsia big Moreover, this algorithm gives us the full distrilan of
problem in this kind of machine especially in higrcurrent and ~ current in the conductors of the rotor for a givemmber of
low voltage applications. Losses due to arching ctatts can be  prushes and a specific configuration around the
fr:?g'fg?géh ;theesgﬁgor;epéﬁﬁ:?ﬂt ng‘;r(':?'”;' tgf&;ﬂ:g t‘ét;?:':: commutator. Furthermore, this type of algorithmmbined
(mechanical sliding contact and arching contact). fie aim of with a FE SOfmare a”OWS more ,falthfu,l S|mg|§1t|9n$
this study is to determine currents and voltages afonductors ~ Order to determine an optimal solution which mirses the

during commutation in order to reduce significantly losses due commutation losses in brushes and by this way asa®
to sliding contact. These evolutions are very impéant data  the durability of DC machines.
for Finite Element Analysis too.
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1. THE MODELING PROCESS

l. INTRODUCTION s S

This paper deals with DC motors modelling takingpin //\.\. / NN -
account commutation aspects. Indeed, the particular ‘ ‘ i i ‘ ‘ i i
behaviour of sliding contacts between brushes and _ P o
commutator can strongly influence DC  motor ;7 // NN

"

characteristics such as output mechanical powershes NN S e //
life, commutator temperature, and durability of fmaes... \ \ | // F(/

Nowadays, Finite Element (FE) Analysis is commonly LT T T T I LTI Il
used in order to optimize electrical drives. The af this
numerical approach is to find optimal parameters
(geometric dimensions, magnetic characteristicsn.grder Fig. 1. Developed diagram for simple lap and sinvpdere winding
to reach performances defined in a specificatioreth
Contrary to synchronous machines with sinusoidateru
supply, it is hard to define current distribution DC In any DC motor, the rotor is made of a specifidquic
machines taking into account commutation. Thisr#n  winding which can be simple, multiple, lap or wave
is a compulsory data for FE Analysis. Moreover,isit winding (see Fig 1). A “section” is the elementauart of
difficult to define experimentally this repartitie@specially wire connected between two commutator segments. For
in high currents and low voltages applications whereach rotation angle, this closed topology of Ndises is
commutation has significant effects. modified by the different connections made by theshes.

In the following paper, we consider that there atact These connections can be mechanical sliding cantaict
between brush and segment when electrical curregiiectrical arching contacts. Thus, a specific brhah two
circulates between then. This contact can be mécdlaor  main functions: first, transmit electrical energy rotating
arching contact. parts and secondly, bypass two or more consecutive

This paper demonstrates with a simple algorithm v commutator segments in order to commutate curneat i
sliding contacts between brushes and commutator ceonsidered sections.
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1. MATHEMATICAL FORMALISM

The armature winding of the machine is modelledhsy
following matrix equation:

Usec: [Rse(] . ISEC+ [L SE(] . (dlsec/dt) + Esec (l)

Where:

Usecis the vector of the section voltages

lseciS the vector of the section currents

Esecis the vector of the section back-EMF

Rsec @and Lse. are square matrices {Ng) of section
resistances and inductances (self and mutual)

Taking into account the succession of Nc contacts
(mechanical or arching contacts) between brushes an
collector, the algorithm sorts sections in Nc gmuBach
group includes sections connected in series betvi@en
consecutive contacts.

Then, a matrix A named “connection matrix” is fdle
This matrix has Nc rows and Ns columns and isdtif0”
except in A; when section j belong to group i. Especially in
this case, f is equal to “1".

This specific matrix helps us to perform the cadtion
of the initial topology because (1) becomes:

Ug=[Ry . lg+[Lg . (dlg/dt) + Ey (2)
With
Ry=A. Rec. A
Fig. 2. Mechanical and electrical diagram of a i&chine Lg =A . Leec- A
Eg=A. Eec

Where:

U, is the vector of the group voltages

4 is the vector of the group currents

Ey is the vector of the group back-EMF

Ry and Ly are matrices (NN.) of group resistances and
inductances

A typical machine is shown in Fig 2. Every brusimteat
is bolded. This machine has four brushes. In treorse
figure, we can see the two different current pathd the
different number of sections in commutation undesitive
and negative brushes.

For every rotation angle, the full topology with Ns
unknowns becomes a smaller equivalent topology With
unknowns. The algorithm is able to classify section
view of brushes connections and simplify the ihitia
topology with specific matrix formalism. Then, théc
equations are solved and electrical characteristich as
currents and voltages of all the sections can b&lyea
computed. From the evolution of these variables,cae ~ Finally, a matrix C named “inverse transformation
evaluate the quality of the commutation process dor matrix” is required. This matrix has Nc rows and Ns
specific machine. Moreover, the algorithm draws aip columns and is equal to A except that there is only “1”
balance sheet of all sources of losses in the machi in any rows. Considering the next topology, thistira

With this reduced equation system, a standard Runge
Kutta solver performs the calculation of (2) angegi the
current flowing in every group at the next timepste

lsec= A’ Ig (3)
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allows us to gather sections together at the rime step
with the following equation:

|g =C. |sec (4)

. . g
We have to be cautious with regard to equal cusrent”

section in this equation especially when archingtacts
occur.

Aagle of contact
(=}
|

V. THE SLIDING CHARACTERISTIC 8, _ [—
Mechanical Contact Arciing
In order to evaluate voltage drops of any contaats, , oz
sliding characteristic has been designed. This eurv : : :
represents for a given brush and a given rotorgtimution -
ime

of voltage drop as a function of the contact ar{difined

in Fig 3) between brush and collector segment. When  Fig. 4. Evolution of the Contact Angle between asbrand a segment

segment is rotating and arrives under a brushctmtact
angle increases until a maximun(which is the minimum
between the brush angle and the segment anglei, Tt
contact angle is constant and decreases until Earally, it
becomes virtually negative until the arc extincti(h).
This evolution is shown in Fig 4.

If the contact angle between the brush and theidered
segment is positive, there is mechanical contact e
voltage drop is small. It increases when the cangagle
decreases to reach a maximum situated betweem@.2\a

[1].[2].3]-

Collector Rotation

Contact Angle

Moltage Drop (V)

onsidered Segment

Fig. 3. Schematics of the contact angle betweashband collector
segments
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If the distance is negative, there is an archingax and
the voltage drop increases exponentially until te
extinguishment.

This evolution of the voltage drop is exposed ig Fi

At every time step, the program determines theschffit
connections and computes two vectors. These vectors
named Vp and Vn (respectively for positive and tiega
brushes) include mechanical and arching voltagesifor
all the connections. When the current of section in
commutation reaches conduction current, the program
extinguishes the arc.

4 T T
3sf -
3 1
25 1
Mechanical Contact
15} i i
| . g
Arching Contact :
05 ; 1
0 i I
Bﬂ 0 Bb

Contact angle (%)

Fig. 5. Evolution of the Voltage drop of the stidicontact vs. Contact
Angle
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V. RESISTIVEAND INDUCTIVE MATRICES

COMPUTATION

To solve the model, it is necessary to know sell an

mutual inductance and resistive matrices.
The resistive matrix is simply equal to:

Rsec: . Id[Ns,Ns
Withr=8,24 .10 Q

©®)

Where:
r is the resistance of one insulated section
Id is the identity matrix (size Ns)

For the inductance matrix, a FE analysis is needed
order to determine self and mutual inductance aoeffts.

Paper ID 1231

Self and Mutual inductance (H)

With only one section supplied by a known current

source, the magnetic flux in each section can lmepcoed
and self and mutual inductance coefficients areuded.
Geometry of the machine and evolution of coeffitiare
shown in Fig 6 and 7.

This method permits us to determine every coeffice
the first line of the matrix. The following linese deduced
by circular permutations as described in (6).

Mii=Mz=L; =L =1L,
Mi1,=My3=Msz,=

(6)

L My,

Fig. 6. Magnetic field path for a typical DC mauéi
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Fig. 7. Evolution of coefficients for the considdmachine

If the machine has salient poles on the statoptbgram
can manage the FE software in order to compute
coefficients for every position of the rotor.

VI. CASE STUDY

For this section, the machine geometry shown aleie
6) will be studied. This machine has wave windingke
quality of the commutation will be evaluated whére t
number of brushes goes up from two to four. We will
evaluate sources of losses for these two configumrsit The
different parameters of this machine are describdab 1.

In the first configuration, the winding is commonly
supplied by two diametrically spaced brushes. ldeprto
decrease the current in brushes and to enhance
commutation quality, a configuration with four bhes is
studied. For industrial applications, these newshes (see
Fig 8) are placed in such a way that positive aedative
supply wires do not cross. This mounting arrangdémen
increases compactness of the rear parts of theingach

TABLE |
MAIN CHARACTERISTICSOF THE MACHINE
Symbol Value Description

Np 3 Number of Pole Pairs

Ns 25 Number of sections
Nseg 25 Number of collector segments
Wp 4 Winding pitch (in slot)

Cp 8 Collector pitch (in slot)
Oseg 11.3° Angle of a collector segment|
Obal 17.2° Angle of a brush

op 14.4° Segment pitch
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significantly (-6%) arching losses. Obviously, thetal
efficiency of the machine is increasing of 6%.

e | ]

O |

i —
Ug NL+N2+1 . Ug N1+2 Ug N1+2
MMyz,y my, . m, Vm,

| S |

Fig. 9. General topology for considered machines

Vgnies

Collector

TABLE 2
BALANCE SHEET OF THE TWO CONFIGURATIONS
Configuration n°1 Configuration n°2

Two brushes Four brushes

Supplied Power (W) 3452 W 3463 W
Arching Losses (W) - 1278 W (37%) - 1005 W (29%
Mechanical Contact|

Losses (W) -123 W (4%) - 233 W (7%)

Fig. 8. Position of brushes in the two configurasi JO|U|9 Losses (W) -1009 W (29%) - 963 W (28%)
Electromagnetic
Power (&I) 1042 W (30%) 1262 W (36%)

The inductor is made of a magnet where the indoctio
along the air gap is deduced by the relation:
The evolution curves of mechanical sliding and eargh
contact under positives brushes are shown on Fignt
B, = B, .cos(Np9) (5) Fig13.

With Br=0.4T The program gives us the total repartition of therent
in the rotor. For comparison, current curves uniheee
consecutive poles are shown for configuration 1 and

For this kind of machine, the topology (see Figc®mes configuration 2 (see Fig 10 and 11).
down to two groups of sections under positive aagative
brushes and two groups of section representingectrr In an ideal motor, the current has to commutatenfro
paths (Ugi.: and Ugii.n242). The connection vectors (Vp positive values to negative values between induptoes
and Vn) include mechanical and arching voltage slrégi  (dash lines). In the two graphs, we can see edsilythe
every time step equations of the topology areesblv current needs several mechanical degrees to sviliating
this commutation time, conductors produce a antatjon
torque on the rotor which is completely disastrdem. this
machine with a small number of large slots, the
commutation phenomenon is very important. In facbre
For each simulation, the program gives several &irvthan one third of the total number of conductons ceeate
(Fig 10 to 13). From the different averages of ¢hesrves, a resistive torque.
we can summary the results (see Tab 2). For alices of
losses, the proportion of the power supply is nerad into
brackets. To solve this problem, manufacturer shift brushefew
From these simulations, we can conclude that twoaex degrees with respect to the inductors to the detminof
brushes increase mechanical contact losses bueadcr electromagnetic interaction between stator and roto

VII. RESULTS
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Fig. 11. Evolution of two variables for configticm 2

VIII. CONCLUSION

In this paper, a new technique of modeling DC maehi [1
has been exposed. This technique takes into acwoliage
drops due to mechanical sliding contacts and agchirlizl
contacts which are very important for low voltagel digh (3]
current applications.

In this type of machines, commutation is bad areda (41
enough time to create antagonist torque on the.rdtoe
authors present two configurations with two andrfou
brushes and evaluate losses for these machinesnditte !
step is to minimize arching losses and enhance
commutation quality with a optimal number of bruslzad [6]
a specific configuration.
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Fig.13. Evolution of losses for configuration 2
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