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Abstract

DC drives are still very important, especially for low voltages and low power (e.g. in cars and
robots). In this paper a converter is analyzed, which makes it possible to control the voltage
across the machine (and therefore the speed) from zero to more than two times the input
voltage with a nonlinear, flat dependence at low duty cycles. This enables one to achieve
high torque at low speeds with better efficiency and also higher speeds for duty cycles higher
than about two-thirds. The circuit is explained, the model of the drive, the design of the de-
vices, and some experimental results are given.

1. Introduction

There exists a comprehensive treatment of DC motor drives and switched mode power sup-
plies in the textbooks e.g. [1 till 8] and there are numerous papers in conference proceedings
and journals, too. At start-up DC motors need low voltages and high currents. Sometimes we
need high torques at low speed over a longer period and sometimes high speeds are
needed, but have only a relative low voltage (battery or fuel cells) at hand. The here pro-
posed converter [9] solves both problems. The output voltage can be calculated according to
the square of the duty cycle (the duty cycle d is defined by the on-time of the active switch of
the converter divided by the switching period) divided by one minus the duty cycle multiplied
by the input voltage (cf. (4)). Fig. 1 shows the converter driving a permanent exited motor.
Here the motor is modelled by a series connection of the armature resistor R4, the armature
inductor La, and the source voltage (C, -n), which is dependent on the speed.
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Fig. 1. Converter with DC motor
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The converter is especially useful when low speed with high torque is in demand and also
when higher speeds are sometimes necessary. It can also be used as battery charger or in
electrochemical process engineering. In these cases the current in LA has to be controlled,
and the source voltage represents here the voltage of the battery.

2. Stationary analysis

For the basic analyses ideal elements (that means no parasitic resistors, no switching
losses) are used. The converter works in continuous mode and is in steady (stationary) state
condition. In the continuous mode we have two states. In state 1 (Fig. 2.a) the transistor
switch S is turned on and the diode D2 is also conducting (as we need the equivalent circuits
later for calculating the dynamic model of the drive, the loss resistors and the forward volt-
age of the diodes are included in the circuit diagrams). When the transistor S is turned off,
the circuit is in stage 2. Now the diodes D1 and D3 are conducting (Fig. 2.b).
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Fig. 2. a. State 1, b. state 2

2.1. Speed of the Motor, Voltage Transformation Rate

To calculate the voltage transformation rate, the voltage across the inductors has to be con-
sidered. During the on-time of switch S the voltage across inductor L is U,. When switch S is

turned off, the current through L freewheels through diode D1. The voltage across the coil L
is therefore —U .. (Here, the capacitor is assumed so large, that the voltage can be regarded

constant during a pulse period.) As for the stationary case, the absolute values of the volt-
age-time areas of the inductors have to be equal (the voltage across the inductor has to be
zero in the average), one can write

(Ul)'d:Uc'(l_d)- (1)

In state one the voltage across the motor inductor is (U, - C, -n) and during the turn-off time
it is the negative source voltage. The voltage-time balance is therefore

U.-C,-n)-d=C,-n-(1-4d) . (2)

The speed can now be calculated according to
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n= U, . 3)

1
c, 1-d

The speed is proportional to the voltage transformation rate, which is the square of the duty
cycle divided by one minus the duty cycle. The mean value of the pulsed output voltage of
the converter (between A1 and A2) is

d2
1-d
Fig. 3 shows the voltage transformation rate of the normal buck-boost converter (triangle)

and the buck converter (rhomb) (e.g. [1, 3]), the here described converter (x) and a buck
converter with quadratic transformation rate as described in [10].

Us=

U, . (4)
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Fig. 3. Voltage transformation rate for D/(1-D)-, D*D/(1-D)-, D-, D*D-converter

2.2. Interrelationship of the Currents

An interrelation for the current through the inductors can be derived based on the equality of
the absolute values of the current-time-areas of the capacitor during on- and off-times of the
active switch S1. Fig. 4 is a sketch of the current through the capacitor. As the armature in-
ductor LA is very large compared to the converter inductor L, the current ripple through the
machine is nearly zero. With the steady state value of motor current 7,, we get for the aver-

age value of the inductor current I, (c.f. Fig. 4)
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d-1,,=0-d)1. . (4)
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Fig. 4. Current through the capacitor

2.3. Voltage Stress of the Devices

The voltage across the switch has its maximum value when the switch is turned off and D1 is
conducting. By inspection we get (and also for the blocking voltage of D1)

Us=|U,|=U.+U, . (5)

The maximum blocking voltage across D2 is achieved during the off-time of the active switch
and is equal to the input voltage U;. The voltage stress across D3 appears when the active
switch is on and is equal to the capacitor voltage.

With
d:&{ 1430 —1} (6)
2U, U,
and
d
UC =m'U1 y (7)

one can calculate the interrelationships between the input U1 and the output voltage U2 and
the blocking voltages of the semiconductors according to

2 2
Uy =[U,)= = , @)
2U, —U{ f1+ﬂ —1}
U2
U,,|=U,, (9)

Ul-Uz-{ 1+4U1—1}

2

|U1)3| = (10)

2U1—U2~{ 1+4U'—1}

U2
With a security factor of 1.3 up to 2 (depending on the application) one can determine the
necessary voltages of the semiconductor devices.
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3. Dynamic Analysis

3.1. Describing Equations

Only a model with loss resistances gives good consistency with practical experiments and
describes the dynamic correctly. From Kirchhoff’s laws and Newton’s dynamic law the equa-
tions for state 1 (Fig. 2.a) are obtained according to

ﬁ_ —i, Ry +—i, (R, +R, + Ry) +uy,

: (11)

dt L
@z _iLA(RA +R.+Ry, +Rs)_iL(Rs)+uc Vi —c.n , (12)
dt L,
du, _ =i, (13)
d C

an_ Gy i my, (14)
dt 27

During the interval Ty the equivalent circuit of Fig. 2.b is valid; the corresponding equations
are

di, =i, (Ry +R.+R,)-u
dt L

— Vm

c

: (15)

diy, :_iLA(RA"'Rm)_Vm_Ce'”’ (16)

dt L,
ﬂ:’_L (17)
dr G

The mechanical equation is the same as in state 1 (14).

3.2. Large Signal Model

Under the condition that the system time constants are large compared to the switching pe-
riod, we can combine these two sets of equations (11, 12, 13, 14) (15, 16, 17, 8) by weight-
ing them with the duty cycle. The fixed forward voltage of the diode (the diode is modeled as
a fixed forward voltage V,and an additional voltage drop depending on the differential resis-

tor R, of the diode) is included an additional vector with the fixed forward voltages V,,. The
other parasitic resistances are the on-resistance of the active switchR,, the series resis-
tance of the converter inductor coil R, , the resistance of the machine R,, and the series re-
sistor of the capacitor R,
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[ R, +d(R +R)+(R.+R,)(1-d) _dRg d-1 0
_ L L L
i _Rd R, +(R.+R,, +R)d+R,(1-d) d  Ce|[L
dlin|_ L, L, Lo L],
- d-1 d u
dt| u, a2 4 0 0 c (18)
n c c n
0 Lm 0 0
27] |
d
- () _
5 o | 0 _Li dLl Vo
+ 0 0 ( l)ul-}- A A Vo, |-
m
0 Cm ‘ 0 0 0 Vs
2 0 0 0

By the state-space equation (18) the dynamic behavior of the converter is described cor-
rectly in the average, thus quickly giving us a general view of the dynamic behavior of the
converter. The superimposed ripple (which appears very pronounced in the converter coil) is
of no importance for qualifying the dynamic behavior. (The voltage ripple across the capaci-
tors is small, due to the sufficiently large dimensioning of the capacitor.) This model is also
appropriate as large-signal model, because no limitations with respect to the signal values
have been made.

4. Dimensioning
With Fig. 4 and a chosen voltage ripple

and a maximum load current the capacitor has to be dimensioned according to

LA, max

Lime (5-DU,
Au.-f 2 U~

C= (20)

With the current ripple AI,, the switching period T, and with the equation for the inductor
during the on-time of the transistor

U=L-

d-T
one can calculate the necessary inductor according to

u, 5-nu, U '(x/g—l)CEn_ (22)

L= -
Al f 2 U A,-f 2 U,
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A small converter model was implemented. The transistor is driven by a low side driver.
Fig. 9 and Fig. 10 show the voltage across the inductor and the current through the inductor
in continuous and discontinuous inductor current mode (mind the typical ringing), respec-
tively.
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Fig. 5. Voltage across the active switch (Ch1) and current through the inductor (Ch2), a. continuous
mode, b. continuous mode

5. Conclusion

DC drives are still very important, especially for low voltages and low power (e.g. in cars and robots).
The converter has an interesting voltage transfer rate and needs only one active switch and three pas-
sive switches. (All diodes can be shunted by an additional transistor to reduce loss, when efficiency is
the most important topic.) The two states in this case are: S1 and the switch parallel D2 are on (state
1), and the switch parallel to D1 and D3 are on (state 2). Now the converter generates a source voltage
in the machine, which behaves according to the nonlinear transfer law to the duty cycle. This can es-
pecially be useful e.g. in robots or hand-held tools like screwers. The system can be described as a
fourth order system. From the control point of view, the time constants are quite different: there is a
large time constant caused by the mechanical inertia and due to the armature inductivity a smaller, but
still much higher one, compared to the time constant generated by the converter. Cascade control with
a slow motion and a fast converter controller is therefore useful. The control and the influence of small
parameter values of the converter and the application of sliding mode and bang-bang control will be
studied in the future.
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