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 Abstract: - Brushed DC-motors are, due to their simplicity and easiness to control, still more and more used. 
Here a converter for two machines is treated. The basic two-quadrant converter for supplying two machines is 
described, the converter is designed. The expansion to a four-quadrant drive and the reduction to a one-
quadrant drive for both motors are explained. The mathematical model for the drives are derived, and the 
transfer functions are calculated with the help of the signal flow graph. Simulations close and prove the 
investigations. 
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1 Introduction 
DC motor drives are currently still important. The 
brushed DC motor market is expected to witness a 
market growth at an annual rate of 6.50% in the 
forecast period of 2020 to 2027 [1]. Brushed DC 
machines of small power are used e.g. for auxiliary 
drives in automotive applications, in model planes 
and cars, and because of the low weight also in 
drones. In the large power range, they are interesting 
in retrofit applications e.g. in trams our trolley 
busses. The here described converter (Fig. 1) can be 
built for small power applications as well as for 
large drives. This topology needs only three 
bidirectional switches to control two DC machines 
in two-quadrants. In the four-quadrant version 
(Fig. 8), only six bidirectional switches are needed 
and when only one-quadrant operation is necessary, 
only two bidirectional switches and one diode are 
necessary (Fig. 9). The starting point for this 
investigation was [2], which describes possible 
topologies for three-port converters. Other DC/DC 
converter topologies which could be used for the 
driving of DC-motors can be found in the textbooks 
[3 - 5]. Numerous other DC/DC converters can be 
found in the literature e.g. [6 - 11]. Interesting 
applications for DC motor drives for ship and kart 
propulsion, for starters, pumps and wind turbines 
are given e.g. in [12 - 19]. Some considerations for 
the control can be found in [20 - 21]. 
The here described converter is especially useful 
when two motors should be controlled 
simultaneously. It has a reduced number of 
semiconductors compared to all other concepts. At 
first the two quadrant drive is analyzed by 
inspection and the important signals are drawn for 

better understanding. Then the converter is designed 
and the model is derived. The transfer functions are 
calculated from a signal flow graph, which describes 
the drive. Some simulations are shown and the 
extension to the four- and the reduction to the one- 
quadrant converters are also explained.  
 

2 Double Machine Drive Basics  
The double machine drive consists in its basic 
topology (Fig. 1) of a series connection of three 
current bidirectional switches. Each switch is built 
by an active switch with an antiparallel diode. The 
active switches can be MOSFETs for low voltages 
and IGBTs for higher voltages and power.  

 
Fig. 1. Two-quadrant double motor drive 
 
2.1 Ideal converter signals 
The drive system will now be analyzed and 
explained with the help of time diagrams of the 
voltages across and the currents through the devices 
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in the ideal case. That means no resistors, and 
infinite switching speed is provided. For the figures 
it is assumed that the duty cycle (the on-time in 
dependence of the switching period T) of switch S1 
is two third and that of S2 is one third. The control 
signals are depicted in Fig. 2. The machines are 
modelled by the armature resistor RM, the armature 
inductor LM and the voltage constant CE. The 
number in the index (1, 2) marks the machine. For 
the ideal investigations the armature resistor 
however is set to zero. 

 

Fig. 2. Control signals  
 
During the on-time of the active switches the 
voltage across the armature inductor LM is the 
difference between the input voltage and the source 
voltage of the machine. This is valid for both 
machines. When active switch S2 turns off, the 
diode D3 turns on and the voltage across LM2 is now 
the negative source voltage of the machine M2. 
Machine M2 is now in the free-wheeling stage. 
When switch S1 is turned off, the negative source 
voltage is applied to LM1 and machine M1 is now 
also in the freewheeling stage. The voltages across 
the motor inductors are shown in Fig. 3. It is 
assumed that the source voltage of machine M2 is 
lower than that of machine M1. 

 

Fig. 3. Voltages across the armature inductors  
 
When the voltage is positive across the armature 
inductors, the current is increasing and when the 
voltage across the inductor is negative, the current is 

decreasing. The inductor values of the machines are 
large. Therefore, the current changes only a little 
within a switching period.  
With the help of the voltage-time balance (in the 
steady state the voltage across an inductor has to be 
zero in the mean) one can calculate the yielded 
source voltages of the machines  
    iqiiqi dUdUU  11  .   (1) 

The source voltage of the idealized machines can 
therefore be written according to 
 111 dUU q      (2) 

 212 dUU q   .    (3) 

The voltage is proportional to the speed and the 
speed is nearly constant during one switching period 
due to the momentum of inertia. With the voltage 
constant CE the speed can be given to 

 11
1
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1
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C
n

E

     (4) 
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2
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1
dU

C
n

E

  .    (5) 

The voltage across the semiconductor switches is 
zero when the switches are turned on (during d1T for 
S1 and d2T for switch S2) and equal to the input 
voltage when the switches are turned off. The 
voltage across S3 is equal to the input voltage and is 
zero when switch S2 is turned off. The voltage 
across the active switches S1 and S2 can be seen in 
Fig. 4 and across S3 in Fig. 7. 

 
Fig. 4. Voltages across the active switches S1 and S2 
 
The current through the machines is caused by the 
load torque. The machine produces a torque which 
is proportional to the armature current. The 
proportional factor is the torque coefficient CT.  
In the steady state the load torque and the torque 
which is produced by the machine are the same. The 
currents in the machines are nearly constant. This is 
because the time constant of the armature winding is 
large compared to the switching period. 
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The current is assumed for the two machines in 
Fig. 5. 

 
Fig. 5. Currents through the machines  
 
For better understanding a small ripple is shown. At 
large loads, the inductor is smaller because of 
saturation effects of the iron. The currents through 
the switches S1 and S2 are shown in Fig. 6 and 
through S3 in Fig. 7. 

 
Fig. 6. Current through the switches S1 and S2 
 

 
Fig.7. Voltage across and current through S3  
 
The converter was described in detail for the driving 
mode (motor operation). In Table I the conducting 
semiconductors are marked with a cross x. In the 
first column T means motoring, F stands for free-
wheeling, and R signifies recuperation (feeding 
back the brake energy). M1 and M2 stands for the 
appropriate machines. It should be mentioned that it 
is also possible to drive only one machine alone 
(e.g. M1 or M2). Both machines can also be 

controlled by the same duty cycle (S1 and S2 are 
turned on and off synchronously).  

Table I: Modes of the two-quadrant drive 

 
 

3 Design of the converter  
From these considerations in section 2 the necessary 
blocking voltage of the switches is evident. The 
blocking voltage for all semiconductor switches 
must be higher than the input voltage. We would 
recommend a factor of 1.6 to 2 higher blocking 
voltage than the input voltage. The onward-losses 
can be calculated from the current shapes shown in 
the Figs. 6 and 7. The RMS values of the currents 
can be calculated easily because the current through 
the machines can be assumed as nearly constant. 
With the definition  

 
T

RMS dti
T

I
0

21
    (6) 

one gets for the MOSFETs 
    21

2
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2
21

2
1, ddIdIII LMLMLMSRMS    (7) 

  1
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2
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2, 1 dIdII LMLMSRMS     (8) 

             1

2

2121
2

2
2

3, 1 dIIddII LMLMLMSRMS  .  (9) 

When MOSFETs are used and synchronous 
rectification is applied (in case the body diodes 
would conduct they are shunted by the antiparallel 
switch), the losses can directly be calculated by 
multiplying the squares of the RMS-value with the 
appropriate RDS of the switch 
 iDSSiRMSSi RIP ,

2
,  .              (10) 

The losses for an IGBT (modelled by a constant 
forward Voltage VF and a differential resistor RCE) 
can be calculated by  
 iCESiRMSSiFIGBTi RIIVP ,

2
,               (11) 

where SiI  is the mean value of the switch current. 
The mean value for S1 can be calculated according 
to  
    2112211 ddIdIII LMLMLMS   .        (12) 
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Considering S2 one can see that only during d2T 
current of machine M2 is flowing through the IGBT 
and during the time interval (1-d1)T the current 
through M1 is flowing through the antiparallel diode 
D2. The RMS-value and the mean values for S2 and 
D2 are therefore 
 2

2
2

2
2, dII LMSRMS                 (13) 

  1
2

1
2

2, 1 dII LMDRMS                  (14) 

222 dII LMS                 (15) 

  112

_

1 dII LMD   .              (16) 
In the motoring mode S3 is not turned on, only the 
diode D3 is conducting. The active switch S3 is only 
necessary when the machines have to brake. The 
RMS- and the mean-value for D3 can be given by 

            1

2

2121
2

2
2

3, 1 dIIddII LMLMLMDRMS     (17) 

     1212123

_

1 dIIddII LMLMLMD  .  (18) 
Now one is able to calculate the onward losses of 
the semiconductors, when IGBTs and diodes are 
used (or when the losses of the channel of the 
MOSFETs are higher than that of the antiparallel 
diode) 
 1,

2
1,11 CESRMSSFIGBT RIIVP               (19) 

 2,
2

2,22 CESRMSSFIGBT RIIVP               (20) 

 2,
2

2,222 DDRMSDDD RIIVP               (21) 

 3,
2

3,333 DDRMSDDD RIIVP   .             (22) 

The sum of these losses is the onward loss of the 
converter in the driving mode. The calculation must 
be done for the maximum motor currents. The 
switching losses can be reduced by using fast 
semiconductors (e.g. high bandwidth 
semiconductors). To reduce the derivative of the 
voltage across the machines, small LC filters (an 
inductor in series to the machine and a capacitor in 
parallel to the connectors of the machine) can be 
used. 
For large drives only a small active switch is 
necessary, which only has to withstand the short 
braking phases. The loss calculation has to be done 
always for the worst-case. 
 

4 Expansions of the converter concept  
The described two-quadrant converter can be 
expanded to a four quadrant converter. Fig. 8 is 
drawn with MOSFETs. When the devices have fast 
body diodes, the diodes are automatically included 
in the power devices. With this converter driving 
and braking in both directions are possible. The 
braking energy can be fed into the power source. 

This is especially useful for autonomic vehicles or 
traction systems.  
As for the two-quadrant drive in Tab. I, tables are 
given in the appendix which show the conducting 
semiconductor devices. Tab. A.I is for the machines 
which are running to the right and Tab. A.II for 
running to the left. A cross x marks the conducting 
element, T stands for motoring, F for free-wheeling, 
and R for recuperation. 

 
Fig. 8. Four-quadrant double motor drive 
 
When only one drive direction is necessary, the two-
quadrant double converter can be simplified. The 
active switch S3 is not necessary in this case. This is 
depicted in Fig. 9. This converter can be used for 
pumps, blowers etc. 
It should be noticed that the direction of the speed is 
dependent on how the armature terminals are joined 
to the connectors of the converter. Therefore, it is 
also possible to have different directions of the 
speed for both motors. 

 

Fig. 9. One-quadrant double motor drive 
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5 Model of the drive 
The drive can be split into two independent parts 
(provided that the duty cycle d2 is smaller than d1, 
each machine can under this assumption be 
controlled independently). All variables written with 
small letters are functions of time. 
There are three modes (Fig. 10). In the first mode 
both switches S1 and S2 are conducting (Fig.10.a). 
When S2 is turned off, the converter goes into the 
second mode (Fig.10.b) where S1 and D3 are 
conducting. When S1 is turned off, D2 turns on 
(Fig.10.c).  

 a 

 b 

 c 
Fig. 10. Modes of the converter 
 
For machine M1 one gets 

 
1

1111111

M

ELMMLM

L

udnCiR

dt

di 
              (23) 

 
1

1111

2 M

LoadMMM

J

miC

dt

dn




  .              (24) 

To linearize the differential equations, the 
perturbation method is used. The variables are 
written as the value at the working point in steady 
state (written as capital letters with the index 0) 
added by a small disturbance value (written with 
small letters marked by a roof on top) 

 1101 LMLMLM iIi


             (25a) 

 1101



 nNn               (25b) 

 1101



 uUu              (25c) 

 1101



 dDd              (25d) 

1101 LLL mMm


  .            (25e) 
In general, one can write for the two drives (index i 
symbolizes the drive number) for the small signal 
model 

 
Mi

iiiEiLMiMiLMi
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dt
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
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Combined in matrix form one gets 
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                 .(28) 
To obtain the transfer functions, one must Laplace 
transform this matrix equation and calculate the 
transfer functions. Another method is to draw the 
signal flow graph directly from (28). The necessary 
integration is done by edges weighted by 1/s. The 
signal flow graph is shown in Fig. 11. 

 
Fig. 11. Signal flow graph 
 
At first we determine the transfer function between 
the speed and the duty cycle. The forward path can 
be written according to 

 
2

,13,21:
s

BA
F ii

i  .               (29) 

There are two loops 

 
s

A
L i

i
,11

,1 :                (30) 

 
2

,21,12
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s

AA
L ii
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With Mason’s equation one can write 
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To calculate the influence of the load torque on the 
speed one gets for the forward path 

 
s

B
F i

i
,22:  .               (34) 

The loops are the same, but we have one non-
touching loop for the forward path (L1). Therefore, 
one can write for the transfer function between 
speed and load torque 

 
 
 ii

ii

Li

i

LL

LV

sM

sN

,2,1

,1

1

1

)(

)(




               (35) 

 

i

Mi

Mi

Ei

Mi

Mi

Mi

Mi

iLi

i

J

C

L

C
s

L

R
s

L

R
s

JsM

sN




2
2

1

)(

)(

2 


  .    (36) 

For the influence of the supply on the speed one gets 
for the forward path 

 
2

,11,21:
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i .               (37) 

The loops are the same and both loops touch the 
forward-path. One gets therefore for the transfer 
function between the speed and the input voltage  
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If a speed control with an underlying current control 
is used, the transfer function between the current 
through the machines in accordance with the supply 
voltage and with the appropriate duty cycle and load 
torque have to be calculated.  
For the transfer function between the current and the 
duty cycle one gets the forward path 

 
s

B
F i

i
,13:                 (40) 

which leads to 
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With  
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one gets 
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and with 

 
s

B
F i

i
,11:                (44) 

the influence of the input voltage to the current 
through the machine is described by 
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The steady state connections can be found directly 
from (28) and lead to 
 010000  UDNCIR iiEiLMiMi              (46) 

 00  LMiLMiMi MIC  .               (47) 
Or better 

 
Ei

LMiMii
i C

IRUD
N 0100

0


                 (48) 

 0LMiLMiMi MIC   .              (49) 
 

6 Simulations 
The simulation was done for a motor which is 

used in a kart. It should be noted that the developed 
theory is also valid for machines with higher 
dynamics. The data of the machine are:  

RM=0.4 Ω, LM=380 µH, CE=0.64 Vs, 
CT=0.076 Nm/A,      J=0.007 kgm2  

The chosen working point values are:  

U10=24 V, IM10=10 A, D10=0.1, Uq10=48 V, 
N0=31 rps 
 
6.1 Bode plots 
We show some Bode plots of the drive. Fig. 12 
shows the speed with regard to the duty cycle and 
Fig. 13 the connection between momentum of the 
load and the speed. The low pass behavior can be 
seen clearly. In Fig. 14 the influence of the input 
voltage on the speed can be seen. In this case the 
gain for low frequencies is one. 

 
Fig. 12. Bode plot speed in relation to the duty 
cycle, c.f. (33) 
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Fig. 13. Bode plot speed in relation to the 
momentum of load, c.f. (36) 

 
Fig. 14. Bode plot speed in relation to the input 
voltage, c.f. (39) 

 
Fig.15. Step response to duty cycle (blue) steps, 
calculated by the transfer function (33) 
 
The Bode plots between the armature current and 
the input variables show low-pass behavior for the 
load torque and band-pass characteristics for the 
influence of the duty cycle and the input voltage. 
 
6.2 Circuit oriented simulation 
Fig. 16 shows the current through the switches in 
steady-state. The similarity with the constructed 
graphs shown in Figs. 6 & 7 is obvious. 

 
Fig. 16. Up to down: control signal for S2, control 
signal for S1, current through D3, current through S2 
and M2, current through S1 and M1 
 

 
Fig. 17. Step response caused by duty cycle steps, 
load steps and input voltage steps shown for M1 
 
Fig. 17 shows up to down the current through the 
machine M1 (red), the load torque (blue, 
represented in the simulation by an appropriate 
current), the input voltage (green), the source 
voltage (dark brown) and the control signal for the 
duty cycle (violet). The switching frequency is 
10 kHz. A step response calculated with (33) is 
depicted in Fig. 15. 
 

7 Conclusion 
A family of converters for the control of two 
brushed DC motors was presented. Under the 
assumption that the duty cycle for S1 is higher than 
or equal to that of S2, both machines can be 
controlled independently. Only a reduced number of 
semiconductor switches is necessary compared to 
the traditional control of two machines. The 
presented concept is useful for small power rates, 
but also for high power applications, especially 
current controlled, in the retrofit of trams and 
railway motor cars. 
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APPENDIX 
Table A.I: Four-quadrant drive, modes for running to the right 

 
 

Table A.II: Four-quadrant drive, modes for running to the left 
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