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(54) Isolated DC-DC converter

(57) An isolated switched DC-DC converter compris-
ing a transformer providing isolation between a primary
circuit and a secondary circuit, a main switching compo-
nent (Q1) provided in the primary circuit adapted to switch
the primary current on and off, a gate driver (A2) adapted
to control the main switching component (Q1) on the basis
of a control signal ,a pulse generator adapted to generate
a pulse sequence, each pulse of the pulse sequence
forming a start pulse (uset) for starting a switching period,
a maximum current comparator (A1) in the primary circuit
adapted to produce a first reset signal (urp) when the

primary current is above a set limit, a secondary side
controller in the secondary circuit adapted to produce a
second reset signal (urs) for controlling an electrical prop-
erty in the secondary circuit, a digital isolator (D4) adapted
to receive the second reset signal from the secondary
side controller and to transmit the second reset signal to
the primary circuit, and a gate driver logic circuit (D3, D2)
adapted to receive the start pulse, the first reset signal
and the second reset signal, and to form the control signal
to the gate driver based on the start pulse, the first reset
signal and the second reset signal.
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Description

FIELD OF THE INVENTION

[0001] The present invention relates to DC-DC converters, and more specifically to isolated switched DC-DC convert-
ers.

BACKGROUND OF THE INVENTION

[0002] Isolated DC-DC converters are used in many applications for providing stabilized voltage or current to a power
consuming load. Switched DC-DC converters are devices in which one or more switches are modulated with a high
frequency such that operation of the switch or switches in linear operation area is minimized to minimise the losses of
the switches.
[0003] The isolation of the DC-DC converter requires a transformer or similar inductive component which enables to
transfer power from the primary side of the converter to the secondary side of the converter. The transformer separates
galvanically the primary and secondary sides of the circuit such that safer operation can be achieved. Further, the
galvanic isolation helps in designing converters such that the disturbance to other electrical devices is reduced.
[0004] The control of the isolated DC-DC converter is typically carried out in the primary side of the converter. This
requires transferring the signal of output voltage or current to the primary side of the converter. Typical component for
conveying the feedback signal from the secondary to the primary of the converter is an optocoupler. For the feedback
to be possible, the optocoupler transfers feedback signal as an analog magnitude-based signal.
[0005] It has been noticed that optocouplers have some reliability problems and high parameter variation due to ageing
and temperature variations. That is to say that optocouplers do not transmit information accurately when the component
gets older or when the component is in changing temperature. Further, the use of optocouplers in high temperatures is
not reliable. The parameter variations of optocoupler lead to inconsistent feedback information leading further to inac-
curacy in the control.
[0006] Another problem relating to use of optocouplers is the fact that the bandwidth of optocouplers is relatively low
which may limit the bandwidth of the converter control system.

BRIEF DESCRIPTION OF THE INVENTION

[0007] An object of the present invention is to provide a power supply circuit so as overcome the above problem. The
object of the invention is achieved by a power supply circuit which is characterized by what is stated in the independent
claim. The preferred embodiments of the invention are disclosed in the dependent claims.
[0008] The invention is based on the idea of providing the control of the isolated switched DC-DC converter in the
secondary side of the converter and employing a digital isolator for transmitting information relating to control through
the isolation barrier.
[0009] As feedback information is not transmitted through the isolation barrier, optocouplers are not needed in the
converter. Digital isolators are able to transmit digital on/off data from the primary to the secondary side of the converter
and from the secondary to the primary side of the converter. In the design of the switching converter of the invention the
start of each pulse period may be communicated from the primary side to the secondary side. Further, reset command
to the gating pulse of the main switch is transmitted from the secondary side of the converter to the primary side for
control and protection purposes.
[0010] The control of output current or voltage is more accurate with the present invention than with the known structures
as optocouplers are not needed for transmitting magnitude-based feedback signals.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] In the following the invention will be described in greater detail by means of preferred embodiments with
reference to the attached drawings, in which

Figure 1 shows an embodiment of the invention in a flyback converter,
Figures 2 and 3 show examples of current and voltage waveforms of the converter of Figure 1;
Figure 4 shows an embodiment of the invention in a forward converter; and
Figure 5 shows examples of current and voltage waveforms of the converter of Figure 4.
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DETAILED DESCRIPTION OF THE INVENTION

[0012] Figure 1 shows voltage-mode control of a flyback converter employing an embodiment of the invention. Generally
a flyback converter comprises a primary circuit and a secondary circuit. The main switching component is in the primary
circuit and it is fed from input voltage uin. As flyback converter is an isolated converter, the main circuit comprises a
transformer T1 having its primary connected in series with the main switching component Q1. The primary side of the
converter has further a current sense resistor Rs in series with the main switching component Q1.
[0013] The secondary circuit of the flyback converter has the secondary of the transformer T1, a diode D1 and a
capacitor C1. The voltage over capacitor C1 is the output voltage uo of the converter. The basic operation of flyback
converter is such that when Q1 is controlled conductive, input voltage causes current to flow in the primary of the
transformer and a magnetic flux is formed in the transformer. The voltage induced in the secondary of transformer is
negative, and the diode D1 is reverse biased. Current flows from capacitor C1 to the load.
[0014] Once the main switching component is opened, the primary current drops and the voltage in the secondary
forward-biases the diode D1 such that current from the transformer may flow. The current charges the capacitor C1 and
supplies the load with an output current io.
[0015] In Figure 1, the main switching component Q1 is a MOSFET. The gate of the MOSFET is controlled with a
pulse width modulated (PWM) voltage ug. The PWM voltage ug is provided by a gate driver A2 that is adapted to control
the main switching component Q1 on the basis of a control signal Cs. The gate driver A2 effectively amplifies the control
signal so that the main switching component is controlled according to the control signal Cs.
[0016] The converter of the invention comprises further a pulse generator adapted to generate a pulse sequence.
Each pulse of the pulse sequence forms a start pulse uset which is used for starting a switching period of the PWM voltage.
[0017] The converter comprises further a maximum current comparator A1 in the primary circuit. The maximum current
comparator is adapted to produce a first reset signal urp when the primary current is above a set limit. The purpose of
the comparator A1 is to protect the converter from excessive current. As shown in Figure 1, the sense resistor is arranged
in the primary circuit such that primary current flows through the resistor. The voltage over the resistor is measured and
fed to the maximum current comparator A1. The other input of the comparator is the set limit and it is presented as a
voltage value ui,max. The comparator compares the current with the set limit, and produces the first reset signal urp if the
current is higher than the set limit. It is clear that the voltage over the sense resistor Rs is directly proportional to the
current, and therefore the current is compared with a set limit that is a voltage value.
[0018] The converter of the invention comprises further a secondary side controller in the secondary circuit. The
secondary side controller is adapted to produce a second reset signal urs for controlling an electrical property in the
secondary circuit. The controlled electrical property in the embodiment of Figure 1 is voltage.
[0019] Further, the converter of the invention comprises a digital isolator D4. The digital isolator receives the second
reset signal urs from the secondary side controller. The second reset signal is transmitted through the isolation barrier
of the digital isolator to the primary circuit. The second reset signal is used in connection with the voltage control as will
be described later.
[0020] The converter according to the disclosure comprises a gate driver logic circuit. The circuit is in the primary side
of the converter and is adapted to receive the start pulse uset, the first reset signal urp and the second reset signal urs
that is transmitted to the primary side of the converter. Based on these signals the gate driver logic circuit outputs the
control signal Cs that is amplified by the gate driver A2.
[0021] According to an embodiment shown in Figure 1, the digital isolator D4 is further adapted to receive the pulse
sequence from the primary circuit and to transmit the pulses uset of the pulse sequence to the secondary circuit. Further,
the secondary side controller comprises a voltage ramp generator which is adapted to generate a voltage ramp uramp
during each switching period in synchronism with pulses of the pulse sequence. According to the embodiment, the
flyback converter is voltage controlled, and the converter receives feedback from the output voltage of the converter.
[0022] According to a preferred embodiment, the gate driver logic circuit comprises an SR-latch D3 having S- and R-
inputs and an output Q. The pulse generator generating start pulses uset are connected to S-input. First and second
reset signals urp, urs are connected to inputs of a logical OR-circuit D2 and the output of the logical OR-circuit is connected
to R-input of the SR-latch D3. This way each start pulse sets the output Q of the SR-latch high. The output Q of the SR-
latch is also the output of the gate driver logic circuit, and therefore each start pulse turns the main switching component
to conducting state and also starts a switching period of PWM voltage.
[0023] Either of the reset pulses is able to reset the SR-latch meaning that output of the OR-circuit connected to R-
input sets the output of the SR-latch low and thereby ends the gating pulse of the main switching component turning it
off. Thus when the primary current is above set limit, the output of driver circuit shuts the main switching component Q1
by resetting the SR-latch. Further, a second reset signal is obtained from the secondary side of the converter circuit
when the secondary side controls the voltage. This way the secondary side defines the duty ratio of the main switching
component regulating the output voltage.
[0024] The pulse sequence has a very small duty ratio. The pulse width of uset, tset, is preferably configured as minimum
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pulse width of PWM-signal ug. Period of uset, Ts defines the converter switching frequency.
[0025] Next the operation of the flyback converter of the embodiment of Figure 1 will be described in more detail
together with Figures 2 and 3. Assuming that the primary side control circuits have proper supply voltages, output voltage
uo is low and secondary side circuit is therefore inoperative and does not produce reset signal, the start up operation of
converter of Figure 1 is as follows. Voltage pulse uset sets the PWM voltage or gate voltage ug of the main switching
component high and primary current ip starts to flow. PWM voltage ug is set low when the primary current ip reaches the
set current limit. The converter operates against the maximum current limit charging the secondary side. By ramping up
the set primary current limit from zero to its nominal value, a soft-start function of the converter can be implemented.
[0026] When uo is high, the secondary side circuits take over the converter control and reset pulse is received from
the secondary side before the primary current reaches the current limit, i.e. the secondary side defines the duty-ratio
and regulates the output voltage.
[0027] The secondary side control system of the embodiment of Figure 1 comprises a voltage ramp generator (Q2,
D5, iramp and C2), PWM ramp comparator A3 and output-voltage-error amplifier A4. Start pulse uset is transmitted to
secondary side through digital isolator D4 synchronizing the voltage ramp uramp with the primary-side circuit. Start pulse
discharges capacitor C2 to diode D5 forward voltage uD starting a PWM period. Constant current generator iramp charges
C2 until a new start pulse arrives. Voltage ramp or PWM ramp uramp is a sawtooth wave whose lower limit is uD and
higher limit is defined by 

[0028] Output voltage error amplifier sets the control voltage uc between uD and uramp,max defining the converter duty
ratio in such a manner that output voltage sets to a desired value. Having the diode D5 allows condition uc<uD where
second reset is always high.
[0029] If, within a PWM period in normal operation mode, maximum current limit is reached before second reset pulse
from the secondary arrives, first reset pulse sets PWM pulse ug low. This means that maximum current limit works also
after the secondary-side control starts operating and converter is short-circuit proof.
[0030] Figure 2 shows waveforms of the converter of Figure 1 when secondary-side circuit is not charged and converter
operates against maximum current limit. It can be seen from Figure 2 that a PWM pulse ug controlling the main switching
component is started when uset arrives. At the same instant the current ip starts to flow. In Figure 2, a voltage Rsip that
is proportional to primary current is shown. The linearly increasing voltage is compared with set limit ui,max. Once the
voltage over the sense resistor exceeds the set limit, a reset signal urp is generated. Reset signal is input to the R-input
of the latch, and the output Q of the latch turns low, and gate voltage ug is removed from the main switching component
Q1 ending the ON-period of the produced PWM voltage. Once the period of Ts has elapsed, the signal generator produces
another start pulse uset, and the procedure is repeated charging the secondary side.
[0031] Figure 3 shows waveforms of the converter of Figure 1 while secondary side circuit is controlling the converter.
The PWM period is started when start pulse uset arrives at the secondary side through the digital isolator D4. The start
pulse controls the gate of the controlled switch Q2 and capacitor C2 is discharged through diode D5 and the switch Q2.
The capacitor C2 is discharged to the forward voltage uD of the diode D5. Once the start pulse uset goes low, the voltage
uramp of the capacitor C2 starts to increase from its initial value uD as constant current is generated with a constant
current generator iramp.
[0032] The output voltage of the converter uo is fed to voltage error amplifier that generates control voltage uc. The
voltage error amplifier consists of a resistive voltage divider R1, R2 and an operational amplifier A4 together with an
impedance Z1 connected between negative input and the output of the operational amplifier A4. Voltage reference uref
is connected to the positive input of the operational amplifier. The voltage error amplifier produces the control voltage
uc, and this voltage is compared with the voltage ramp uramp. As seen in Figure 3, once the voltage ramp uramp exceeds
the control voltage uc, output of the comparator A3 goes high producing the second reset signal urs that is transmitted
to the primary side of the circuit. Once the reset signal is received in the primary, the gate signal ug goes low driven by
the gate control logic circuit.
[0033] Ramp voltage uramp increases to value uramp,max according to equation (1) above. At time instant Ts another
start pulse arrives, and the process is continued. Figure 3 shows also the voltage Rsip proportional to primary current
and the primary current limit ui,max to which the primary current is compared with using comparator A1. In Figure 3, the
primary current does not reach the limit before the reset pulse is obtained from the secondary side circuit.
[0034] Figure 4 presents a forward converter with peak-current-mode control. The operation of the forward converter
is as follows. A controllable switch, such as MOSFET Q1, is connected in series with a primary winding of a transformer
T1. Once the input voltage is applied to the primary winding, a voltage is induced to the secondary winding. As the



EP 3 035 515 A1

5

5

10

15

20

25

30

35

40

45

50

55

polarities of the windings are as marked in Figure 4, the secondary current flows at the same time as the primary current
through the switch Q1. Diode D1 in the secondary is reverse biased when the switch is turned off, and the inductor L1
in the secondary circuit keeps the secondary current flowing through diode D6 while the output voltage uo is sustained
with capacitor C1. A tertiary winding is used in the circuit to let the core flux of the transformer to decline when the switch
Q1 is turned off.
[0035] Secondary-side peak-current-mode control is suited for converters that have proper peak-current information
available at the secondary side. Such converters are forward, full-bridge and half-bridge converters, for example. Peak-
current-mode control is commonly used method to provide desired dynamical behaviour as well as current limiting
features in switched-mode converters. Usually, this kind of system utilizes inner loop peak-current control and outer loop
voltage control.
[0036] In the embodiment of Figure 4, the various components of the circuit are marked with same symbols as in
Figure 1. The primary side circuit of the control circuitry in Figure 4 operates similarly to that of Figure 1. That is to say
that the pulsed voltage source produces start signal uset, primary side current is measured using sense resistor Rs1 in
series with the main switching component Q1 and the voltage that is proportional to the primary current is compared
with a set limit ui,max for producing first reset signal urp.
[0037] Second reset signal is obtained from the secondary-side circuit through the digital isolator D4. Once one of the
reset signals is high, the output of the gate control logic circuit goes down and ends the conduction period of the main
switching component that was started by the start pulse uset.
[0038] Major difference between the voltage-mode and the peak-current mode control methods is the way the PWM
signal and the reset signal are generated. As discussed in connection with Figure 1, in the voltage-mode control the
output voltage control signal uc is compared to an artificial voltage ramp uramp. In the peak-current mode control the
second reset signal originates from comparator A3 and is generated by comparing voltage control signal to the voltage
proportional to inductor L1 current. As seen in Figure 4, a sense resistor Rs2 is provided in the secondary circuit. The
voltage -Rs2is proportional to the inductor L1 current is fed to summation element, the output of which is compared with
the voltage control signal uc in comparator A3. Voltage Rs2is has a negative sign because the direction of current is as
defined in Figure 4.
[0039] Figure 4 shows an embodiment in which a voltage ramp uramp is added to the measured voltage that is pro-
portional to inductor current. However, this voltage ramp is not necessarily needed. The voltage ramp is needed for
slope compensation in converters designed to operate near 50% duty cycle or above. The artificial compensation ramp
uramp can be used as a compensation slope by adding it to the measured current slope (-Rs2is) as shown in Figure 4.
The compensation ramp is produced similarly as the voltage ramp uramp in the embodiment of Figure 1.
[0040] Figure 5 shows operational waveforms of the embodiment of Figure 4 when the secondary-side circuit is
controlling the converter under peak-current mode with slope compensation. Again, the pulse period is started with start
pulse uset. The secondary side current is and thus the voltage -Rs2is that is proportional to the secondary side current
starts to increase and when this voltage exceeds the limit uc-uramp, a reset signal urs is given with the comparator A3.
The reset signal is transmitted to the primary side circuit and the gate control logic pulls the output signal to the amplifier
A2 down thereby shutting-down the main switch Q1. In Figure 5 the ramp voltage uramp and the control voltage uc are
combined and the voltage proportional to secondary current is compared to this combined voltage. Figure 5 further
shows the primary current limit ui,max and the voltage proportional to primary current Rs1ip. The operation is again
repeated when another start pulse arrives at time instant Ts.
[0041] The SR-latch used in the embodiments of the invention has a forbidden state where both R = 1 and S = 1. The
SR-latch should be configured to have either reset-dominant or set-dominant truth table. In set dominant configuration
shown in Table 1 below, the minimum pulse width of PWM voltage ug is the same as pulse width of the start pulse uset.
In reset-dominant truth table shown in Table 2, the duty ratio of PWM voltage ug can be 0%.

Table 1

S R Q Next Q

1 0 0 1

0 1 1 0

1 1 1 1
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[0042] In an embodiment of the invention the duty ratio of the PWM signal is limited such that it has a maximum or
minimum limit. Minimum duty-ratio limit is implemented if SR-latch has set-dominant truth table described above. In
forward converters the duty ratio should be limited to have values below 50%.
[0043] It is clear that the converter of the invention can have all necessary and optional auxiliary circuits which are
used also in connection with converters with similar main topology. These auxiliary circuits include under-voltage lock-
out, output over-voltage protection and leading edge blanking circuits. Under-voltage lock-out is used for preventing the
operation of the converter if the supply voltages to the control circuitry are too low. Output over-voltage protection is
operated when the output voltage is too high. This can be accomplished by keeping the second reset signal high when
the output voltage is above a set limit, thereby preventing additional charging of the converter output. Leading edge
blanking is used for blanking the very beginning of the current pulses such that possible current spikes in the switched
current do not affect the comparison of the current with a reference. The blanking may be implemented by forcing the
current comparator output signal to be low when gate voltage goes high for a period of 100 ns, for example. During that
blanking time current spikes are attenuated.
[0044] The above present examples implementing the converter of the invention are not to be kept as limiting the
invention to the given examples. The invention can be utilized in various converter topologies and control schemes. The
logic functions described in connection with the embodiments can be implemented using discrete logic circuits or using
programmable logic.
[0045] The examples shown in the drawings and described above include one main switching component Q1. However,
the invention can be utilized also in connection with such topologies that include two or more main switching components
which are used for switching the primary current on and off. In such topologies the circuit also comprises a logic that
applies the gating signals to the main switching components in desired manner and separate gate drivers for each of
the main switching components. For example, when a reset signal is generated, the logic circuit is capable of turning
the main switching components off.
[0046] It will be obvious to a person skilled in the art that, as the technology advances, the inventive concept can be
implemented in various ways. The invention and its embodiments are not limited to the examples described above but
may vary within the scope of the claims.

Claims

1. An isolated switched DC-DC converter comprising a transformer providing isolation between a primary circuit and
a secondary circuit,
a main switching component (Q1) provided in the primary circuit adapted to switch the primary current on and off,
a gate driver (A2) adapted to control the main switching component (Q1) on the basis of a control signal ,
a pulse generator adapted to generate a pulse sequence, each pulse of the pulse sequence forming a start pulse
(uset) for starting a switching period,
a maximum current comparator (A1) in the primary circuit adapted to produce a first reset signal (urp) when the
primary current is above a set limit,
a secondary side controller in the secondary circuit adapted to produce a second reset signal (urs) for controlling
an electrical property in the secondary circuit,
a digital isolator (D4) adapted to receive the second reset signal from the secondary side controller and to transmit
the second reset signal to the primary circuit, and
a gate driver logic circuit (D3, D2) adapted to receive the start pulse, the first reset signal and the second reset signal,
and to form the control signal to the gate driver based on the start pulse, the first reset signal and the second reset
signal.

2. An isolated switched DC-DC converter according to claim 1, wherein the secondary side controller is a current
controller comprising
an output voltage error amplifier (A4) adapted to amplify an error between an output voltage reference and output

Table 2

S R Q Next Q

1 0 0 1

0 1 1 0

1 1 1 0
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voltage,
a circuit for obtaining a voltage signal proportional to secondary circuit current, and
a comparator for comparing the voltage signal proportional to secondary current with the output of the output voltage
error amplifier, the comparator outputting the second reset signal (urs) to turn the main switching component (Q1) off.

3. An isolated switched DC-DC converter according to claim 2, wherein the digital isolator is further adapted to receive
the pulse sequence and to transmit the pulses of the pulse sequence to secondary circuit, and
the secondary side controller comprises a voltage ramp generator which is adapted to generate a voltage ramp
(uramp) during each switching period, the voltage ramp being added to the voltage signal proportional to secondary
circuit current for slope compensation.

4. An isolated switched DC-DC converter according to claim 1, wherein the converter is voltage controlled converter
and the digital isolator is further adapted to receive the pulse sequence from the primary circuit and to transmit the
pulses of the pulse sequence to secondary circuit, and
the secondary side controller comprises a voltage ramp generator which is adapted to generate a voltage ramp
uramp) during each switching period in synchronism with pulses of the pulse sequence.

5. An isolated switched DC-DC converter according to any one of previous claims 1 to 4, wherein the a gate driver
logic circuit (D3, D2) comprises a logical OR-circuit adapted to receive the first reset signal and second reset signal, and
an SR-latch circuit, the S-input of which is connected to receive the start pulse and the R-input of which is connected
to receive the output of the logical OR circuit, wherein the output (Q) of the SR-latch circuit forms the control signal
(Cs) to the gate driver.

6. An isolated switched DC-DC converter according to claim 5, wherein each start pulse received by the SR-latch is
adapted to start a switching period of the main switching component.

7. An isolated switched DC-DC converter according to claim 5 or 6, wherein either of the first reset signal or second
reset signal received by the SR-latch through the logical OR-circuit are adapted to end the conduction period of the
main switching component (Q1).

8. An isolated switched DC-DC converter according to any one of previous claims 1 to 7, wherein the pulse sequence
produced by the pulse generator defines the converter switching frequency.

9. An isolated switched DC-DC converter according to any one of previous claims 1 to 8, wherein the converter
comprises two or more main switching components that are adapted to switch the primary current on and off.
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